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Dissertation Abstract
Title: The Impact of Climate Variability and Conflict on Childhood Diarrhea and Malnutrition in West Africa
Author: Gillian Dunn
Sponsor: Deborah Balk

Objectives: This dissertation aims to contribute to our understanding of how climate variability and armed
conflict impacts diarrheal disease and malnutrition among young children in West Africa. Two studies
examine the associations between climate and diarrheal disease across the whole study area – ten countries
in West Africa during the period 2008-2013. The third study examines diarrheal disease and malnutrition in
Northeast Nigeria before (2008) and after (2013) the start of the current armed conflict in the area.

Methods: Outcome variables and child, caregiver, and household characteristics for these studies are from
the Demographic and Health Surveys. Additional datasets include specialized products for rainfall,
temperature, climate class, population density, and urban population ranking. The first two studies use geospatial techniques to 1) determine if there are areas of elevated risk after controlling for climatic and other
covariates and 2) determine whether there is spatial variation in the associations between diarrheal disease
and climatic and other covariates. The third study uses a double-difference methodology to study both
diarrheal disease and malnutrition and their associations with conflict.

Results: The first study found statistically significant clusters of elevated risk in 10 urban areas and 13 largely
rural areas after adjusting for household and climatic factors with a relative risk range of 1.5 to 7.2. Results
from the second study indicate that the associations between diarrheal disease and key household,
environmental, and climatic factors vary according to location – a phenomenon which is masked by global
models - and that the associations are both positive and negative (increase and decrease risk). The third study
iv

found that if children exposed to the conflict in Northeast Nigeria had not been exposed, their mean weightfor-height z-scores would be nearly half a standard deviation higher, the proportion of moderately and
severely wasted children would be 13 percentage points lower, and the prevalence of diarrhea would be 8
percentage points lower than they are.

Conclusions: The studies in this dissertation provide additional evidence for the relationships between climate
variability, conflict, and child health in West Africa. Previous studies have provided mixed evidence for the
role of factors such as rainfall on child health outcomes. Here, geo-spatial methods identify both areas of
heightened risk and the role of specific risk factors in particular locations. For example, the first study found
elevated risk of diarrheal disease in northern Cameroon and the second study indicates that two risk factors in
that area are low coverage of improved sanitation facilities and low rainfall at the time of the survey. The
effects of conflict on child health are conceptually inherent and have been quantified with different methods
and outcomes. The research here furthers those efforts by quantifying the impact of a particular conflict – the
Boko Haram insurgency - on the health and growth of young children.

The findings from this research support on-going development goals which aim to improve modifiable factors
including increased coverage of improved water sources and sanitation facilities, increased educational
attainment, the alleviation of poverty and food insecurity, and resolving on-going conflicts around the world.
The results also support adaptation measures, which are aimed at factors that are difficult to change in
themselves, such as living in areas where temperatures are increasing due to climate change. Such measures
include promoting income diversification and access to goods and services for farmers and pastoralists and
improving infrastructure and public services in urban areas. Limitations, including spatial, temporal, and
methodological issues with the data sources are discussed, as are suggestions for future research.
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Chapter 1. Introduction
This dissertation is concerned with two aspects of environmental health – climate variability and conflict – and
their impact on children in the developing world. The outcomes studied are diarrheal disease and
malnutrition. The population of interest is children under five years old in West Africa (Figure 1.1). This subregion was chosen because of its compelling burden of disease, variation both socially and climatically, and
on-going challenges such poverty and armed conflicts:



Population health has improved greatly in sub-Saharan Africa, yet in 2013, the region contributed 50%
of global child deaths.1 Forty-two percent of those deaths were in the sub-region of West Africa.2 The
causes in West Africa were primarily infectious diseases such as diarrhea, pneumonia, and malaria;
neonatal disorders; and nutritional deficiencies.3



The nations of West Africa have many cultural, economic, and political linkages, yet are on distinct
development paths with some countries steadily improving over recent years (Senegal, Benin), others
worsening (Mali), and some staying relatively steady but with poor standing in world rankings of key
indicators (Guinea, Cote d’Ivoire).4



The majority of people in West Africa are still quite exposed to the natural environment with
rudimentary physical barriers (e.g., adequate shelter) and policy barriers (e.g., water quality
standards).



West Africa has a varied climate, from the humid coast with up to 10 meters of rainfall to the arid
desert with months of no rainfall at all.5 Temperatures range from an average monthly low of 23C to
an average monthly high of 33C.6



With its direct effects on health and as an obstacle to development, armed conflict is a major public
health issue in Africa.2 In 2014, there were 9 armed conflicts in sub-Saharan Africa and two of those
were in West Africa (Nigeria and Mali) with several other areas of lower intensity unrest.7
1



Sub-national survey data on child health and key covariates were available for several countries in
West Africa within a reasonable timeframe from the Demographic and Health Surveys. 8

Figure 1.1: Countries of West Africa, using the definition from the Organisation for Economic Co-operation and Development
(OECD): the 15 members of the Economic Community of West African States (ECOWAS) plus the three bordering countries of
9
Mauritania, Chad, and Cameroon. Cape Verde is an island nation 500 km west of Senegal. The Sahel is the southern edge of the
Sahara Desert, seen in this composite satellite image as the transition from green vegetation to tan sands.

1.1 Childhood diarrhea and malnutrition
Diarrhea is a leading infectious cause of death in children under five years old worldwide. 1 Although mortality
attributable to diarrhea has decreased significantly over the past 15 years, morbidity has changed little. 10 In
2013, 578,000 children died from diarrhea (uncertainty range 448,000 – 750,000).1 Fifty-four percent of those

2

deaths were in sub-Saharan Africa and 25% of those were in Nigeria.11 There are approximately 1.7 billion
global cases of childhood diarrhea every year.12,13

Malnutrition is also a leading cause of illness and death in children in the developing world.14 Nutritional
deficiency is the primary cause of death in 6.7% of deaths in children between 28 and 364 days and 7.2% of
deaths in children between 12 and 59 months (136,000 and 142,000 deaths, respectively, in 2010).15
However, malnutrition is more important as an underlying condition which contributes to child mortality.14 It
is indicated in about 45% of all child deaths worldwide and in 60% of child deaths attributed to diarrheal
disease.16,17 Globally in 2014, about 50 million children were wasted (thin for their height due to acute
malnutrition) and 159 million were stunted (short for their age due to chronic malnutrition). 18 Approximately
28% of wasted children and 37% of stunted children live in Africa.18 The West Africa sub-region has one of the
highest burdens of malnutrition; in 2014, 9% of the children were wasted (the public health emergency
threshold is 10%).18

Infectious diarrhea is caused by a variety of bacteria, viruses, protozoa, and helminthic organisms.17 These
pathogens - which are transmitted largely through the ingestion of contaminated fecal matter - cause an
infection of the intestinal tract which disrupts normal gut functioning.17 Severe cases of diarrhea can lead to
extreme dehydration and death.19 This makes children under five years old particularly vulnerable to the
disease because - relative to older children and adults – their immune systems are not as developed, water
makes up a larger proportion of their bodyweight, they ingest more water because of their higher metabolic
rates, and their kidneys are not able to conserve as much water. 19

In the direct sense, malnutrition (or more accurately for this dissertation, undernutrition) is caused by a lack of
food quantity and/or nutritional content which leads to growth failure and/or micronutrient deficiencies.20
3

However, as with diarrheal disease, the underlying causes are more complex. Poverty, which plays a central
role, is influenced by factors such as the socio-political context and the natural environment.21 In turn,
poverty can lead to food insecurity, unhealthy environments such as a lack of adequate sanitation, and limited
access to quality health care, all of which result in illness and death among children. 21

A child with repeated diarrheal episodes may experience a deficit of caloric intake and micronutrients due to
intestinal malabsorption.17 This can result in rapid weight loss and increased vulnerability to infection due to
the breakdown of mucosal barriers.17 At the same time, the child is growing weaker and his immune system
may become compromised, making him more vulnerable to diarrheal and other infections.17 Thus, diarrhea
and malnutrition have a bi-directional association with one causing the other and forming a vicious cycle that
can lead to severe illness and death. Since this cycle is most common at ages critical to physical growth and
brain development, longer-term consequences may include stunting; impaired intellectual development and
school performance; decreased economic productivity and reproductive performance; and increased risk of
metabolic and cardiovascular disease.21,22

Figure 1.2 is a conceptual framework showing the relationships among diarrhea, malnutrition, and their
underlying causes.
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Long-term consequences:
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Short-term consequences:
morbidity, disability, mortality
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Mitigating
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Caregiving:
knowledge,
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behavior,
health status

Injury:
physical, psychological
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diarrhea, pneumonia
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Threats to safety

Exposure to pathogens

Inadequate dietary intake
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age,
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assets (cash, agricultural products), food security,
infrastructure (water, sanitation, shelter),
access to services (health, education)

Capital:
natural (agro-climatic regions),
economic, human, social,

Root
Causes
Social, economic, political context:
overall development, armed conflict

Figure 1.2: Framework of the relationships among root, underlying, and immediate causes of communicable diseases such as
infectious diarrhea; undernutrition; and injuries (other non-communicable diseases are not shown). Mitigating factors influence
whether and how underlying causes affect a child and whether the immediate causes are lessened or avoided. Orange arrows
depict the cyclical nature of recurring infections and malnutrition. Based on frameworks from Black et al (2008), World Health
21,23,24
Organization (2010), and Guha-Sapir & van Panhuis (2002).

Preventative and therapeutic measures to combat diarrhea and malnutrition morbidity and mortality are also
linked. Breastfeeding is protective because it provides adequate and complete nutrition for young children,
helps build their immune systems, and reduces their exposure to unsafe water and food.25,26 Even after
weaning, appropriate child feeding, including complementary and supplementary foods as needed, is also key
to development and health.27 Zinc supplementation as a therapeutic and preventative measure curtails the
5

severity and duration of diarrheal episodes, helps protect against future episodes, and also increases growth
and weight gain in young children.17,27 Other supplementation such as Vitamin A for children and folic acid for
pregnant women is also necessary in high-risk populations. Some of the most important preventative
measures against infectious diarrhea are those that improve hygiene practices, sanitation systems, and safe
water consumption.28 A comprehensive review of these interventions found reductions in diarrhea incidence
of 48%, 36% and 17% associated with handwashing with soap, contained excreta disposal, and improved
water quality, respectively.29 While still not widely accessible in resource-poor settings, vaccines against some
enteric pathogens such as rotavirus and cholera have shown to be effective.30

1.2 Climate variability and health
Climate variability is the change in factors such as precipitation and temperature over a timescale of months,
seasons, and years.31 There are two parts to the measurement of climate variability – average and range.31
Averages are usually taken over a thirty-year period for a given area which smooths any fluctuations.31 Range
– highs, lows, and extreme events – show deviations from the trend line.31

In West Africa, climate variability is dominated by the dry and wet seasons which result from the migration of
two air masses (Figure 1.3).32 The first air mass is hot and dry and blows from the Sahara southwards from
November to February, reaching between latitudes 5° and 7°N (the southern coast of West Africa) in
January.32 The second air mass creates southwest winds which carry moist air from the ocean inland, reaching
between latitudes 18° and 21°N (northern Mali, for example) in July.32

6

Figure 1.3: Graphic of seasonal climate variability in West Africa with the height of the dry season in January (left) and the wet
32
season in July (right). From Jalloh et al (2011).

Local air temperature is determined not only by latitude, but by elevation, land coverage, distance from the
coast, and wind strength and direction among other factors. In West Africa, the influence of latitude and
distance from coast is evident on a country-level scale: higher latitude (more desertic) countries and those
that are land-locked (e.g., Burkina Faso) have overall higher temperatures than those closer to the equator,
which are coincidentally coastal. Furthermore, the range of temperatures is greater throughout the year for
higher latitude/landlocked countries, whereas equatorial countries stay within a narrower range of
temperatures (about 15°C as opposed to 22°C).6

Seasonal and interannual climate fluctuations have direct consequences on human health, especially among
poor, agriculture-dependent populations at low latitudes where climate-sensitive health outcomes such as
diarrheal disease, malnutrition, and malaria are prevalent.33 Since these diseases affect children the most, the
overall disease burden due to climate (and climate change) is borne by children in developing countries. 34

Climatic factors such as temperature, rainfall, relative humidity, and air pressure directly influence the
presence of diarrheal pathogens in the local environment.35 These factors are in turn regulated by seasonal
changes so that, for example, bacterial loads in food and water may increase in warmer periods, viruses
7

flourish in cooler periods, and protozoa are more common in wet and warm conditions.36 A few studies have
quantified the relationship between diarrhea, climate variables, and seasonality. The most relevant of these
are from sites with similar climate types as those found in West Africa. In Lima, Peru (the same climate type as
the Sahara), Checkley (2000) found that hospital admissions for children with diarrhea increased by 8% for
every 1C from the previous mean temperature.37 During an El Niño year when temperatures were up to 5°C
above normal, diarrheal hospitalization rates among children increased to 200% the previous rate. 37 A study
in Taiwan - parts of which have the same climate type as the south coast of West Africa – found that extreme
rainfall events (>350 mm/day) were associated with a 6-fold increase in the relative risk of reported
enterovirus infection and a nearly 8-fold increase for bacillary dysentery compared with normal (<130
mm/day) events.38 A meta-analysis of childhood rotavirus infection in India, Pakistan, Bangladesh, Nepal, and
Bhutan – which include the four climate types found in West Africa – found that a 1C decrease in monthly
ambient temperature was associated with a 1.3% increase from the annual rate of rotavirus infection. 39
Additionally, a decrease of 10mm in precipitation was associated with a 0.3% increase of infection.39 In
several settings, diarrhea transmission has been found to increase during normal rainy seasons due to fecal
contamination of water sources.40 However – perhaps particularly in areas that are overall more arid –
diarrhea incidence may be higher in the dry season due to food insecurity and increased transmission by flies,
which touch down on feces and transmit pathogens to food, surfaces such as in the food preparation area, or
directly into the mouth of a child.21,41,42

Most of the world’s food insecure and undernourished populations are in sub-Saharan Africa and South Asia.43
Again, the causes are bi-directional, but these regions are largely rural, poor, and dependent on rain-fed
agriculture.44 Large areas of these regions have low agricultural productivity in part due to climatic risks – not
only extremes such as droughts and floods, but also more minor fluctuations such as a late rainy season. 44
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1.3 Armed conflict and health
In the post-Cold War period, many West African nations have been affected by various forms of conflict from
civil wars (Liberia, Sierra Leone, Côte d’Ivoire, Guinea-Bissau), to coups d’état (Guinea, Côte d’Ivoire, Mali,
Gambia, Niger) to ethnic and religious clashes (Nigeria, Mali, Benin).45 While there is no one unifying theory as
to the causes of conflict in Africa, weak governance seems to be a common factor. 46 Fragile states often
cannot establish and maintain democratic systems, support economic development, control threats to
security, and ensure the equitable sharing of natural resources.46 While poverty in itself is not necessarily a
driving force (many poor countries have been at peace for decades), inequality often is. 46 Similarly, ethnic or
religious diversity is not often a root cause, but marginalization and disillusionment with the government can
lead people to identify more with a particular group than with the state or larger society. 46

Conflict affects child health through multiple pathways both directly and indirectly. Community and
household resources may be diminished as funds are diverted away from social services (such as immunization
programs), prices for food and other commodities rise, and fear or physical obstacles (checkpoints, landmines)
prevent caregivers from pursuing the family’s livelihood activities (such as accessing fields and livestock
grazing lands).47,48 Infrastructure such as health facilities, markets, water supply and sewage systems, schools
and roads may be damaged or otherwise inaccessible.47,48 Supply chains for food imports and essential
medicines are often disrupted.47,48 Populations may be forced to leave a conflict zone which could expose
them to inadequate shelter, water, sanitation, and food and deprive them of livelihoods. 47,48 Displacement
puts additional stress on host populations and their services and could increase population density. 48 Skilled
healthcare and other personnel may leave the area and the most vulnerable households may be unable to do
so.48
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Most deaths due to conflict, particularly for children, are not from direct causes such as war-related trauma,
but are due to the conditions that were already the main causes of death before the conflict including
diarrheal disease, acute respiratory infections, measles, malaria, and severe malnutrition. 49 Therefore conflict
seems to both exacerbate pre-existing health issues and introduce new ones.49,50

The effects of war on child health are often studied through household surveys either in real time or
retrospectively. In one of a series of mortality surveys in the Democratic Republic of Congo, a strong
association between conflict and both violent and non-violent deaths was found.51 In conflict and non-conflict
areas of the country, the main reported causes of death were fever and malaria, diarrheal disease, and
respiratory infections.51 Children are most vulnerable to these diseases and those under five had nearly four
times the risk of dying than people five and older.51 Malnutrition was reported as an underlying or primary
cause of death in 10.9% of deaths in conflict areas and 8.1% in non-conflict areas.51 In Burundi, the civil war of
the 1990s was marked by displacement, looting of household assets (including livestock), and the theft or
burning of crops.52 Using a spatiotemporal conflict exposure variable, researchers found that rural children
who had been exposed to war for more than 14.7 months (the average exposure time) had height-for-age zscores 0.67 standard deviations lower than unexposed children (p < 0.01). Additionally, for every month of
exposure, height-for-age z-scores decreased by 0.05 standard deviations.52 A study in Angola found higher
levels of malnutrition (wasting and stunting) in conflict-affected areas and among assumed supporters of the
opposition (determined by ethnolinguistic group), even after controlling for urban-rural and other
demographic differences.50

Although beyond the scope of this dissertation, whether there are linkages between climate variability and
conflict is a question that has gained attention recently because a more variable climate is predicted for
several regions - including sub-Saharan Africa - due to climate change.53 There are several theories for how
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the two are linked: 1) extremes such as drought or flooding cause a scarcity of resources which lead to violent
disputes, 2) economic shocks due to climate extremes facilitate the recruitment of insurgents as subsistence
economies falter, and 3) climate variability increases the economic divide within societies, exacerbating
grievances to the point of violence.53 There are some case studies which seem to support these theories (for
example, disputes over watering holes in Ethiopia grew violent during the drought of 2002); however, there is
little evidence at this time to support the overall hypothesis that climate variability causes violent conflict. 53

1.4 Overall goal of dissertation
Evidence for significant associations between climate variability and child health outcomes is compelling, but
lacking for West Africa where the direction (or bi-directionality) and magnitude of associations is largely
unknown, as are specific areas of elevated risk. Also lacking is quantitative analysis on the impact of the one
of the world’s newest conflicts, the Boko Haram insurgency, which currently affects several West African
nations. The goal of this dissertation is to address these gaps and contribute to our understanding of how
climate variability and conflict impacts diarrheal disease and malnutrition among young children. Two aims
examine the associations between climate and diarrheal disease across the whole study area – ten countries
in West Africa from 2008 to 2013. Both studies use geo-spatial techniques to 1) determine areas of elevated
risk after controlling for climatic and other covariates and 2) determine whether there is spatial variation in
the associations between diarrheal disease and climatic and other covariates. The third aim takes a closer
look at one particular area – Northeast Nigeria - where high rates of diarrhea were noted in the first two
studies and where there is an on-going armed conflict. Diarrhea and malnutrition outcomes are studied using
a double-difference methodology.
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1.5 Specific aims and hypotheses
Specific Aim 1: To describe the geo-spatial distribution of childhood diarrheal disease across West Africa
during the period 2008-2013 with respect to household and climatic characteristics, including identifying any
statistically significant clusters of elevated risk.

Hypotheses: Unadjusted prevalence rates will vary across the region and within countries and areas of
particularly high or low rates may be seen. However, without adjusting for seasonality (climate class, rainfall,
temperature) and household variables (wealth, mother’s education, child’s age, etc.), it will be difficult to
make any conclusions about areas of elevated risk. In adjusting for these factors, household variables will be
similar to the associations seen in the literature (e.g., elevated risk with increased poverty, ceteris paribus).
Diarrhea risk is expected to increase as climate classes go from the wetter south to drier north. Associations
between rainfall and diarrhea will show that both extremes (too dry, too wet) will increase the risk of
diarrhea. The relationship between temperature and diarrhea will be weaker than for rainfall, and will show
increased risk with increased temperature. Cluster analysis will detect specific areas of elevated risk, even
after controlling for household and climatic variables. These clusters will be more dominant in rural areas, but
certain urban areas may also show heightened risk.

Specific Aim 2: To examine whether there are any significant spatial variations in the relationship between
childhood diarrhea and key socio-economic, climatic, and environmental characteristics across West Africa in
the period 2008-2013.

Hypotheses: In the global model, risk of diarrheal disease will increase with increases in percent of
households with unimproved water sources and toilet types and percent of mothers with no formal education.
Risk will also increase with higher latitudes (more arid climate types), temperatures, and population densities
12

(overall urban disadvantage) and will decreases with higher rainfall. In geographically weighted models,
climate class/latitude, altitude, and population density will have spatially stationary associations with diarrheal
disease (i.e., their effect will be the same across the study area). Rainfall and temperature will show spatially
non-stationary associations (for example, rainfall – and the lack thereof - will have a larger effect in dry areas
than in areas of moderate precipitation). Associations between diarrhea and percent of population with
unimproved water sources and toilet types and percent of mothers with no formal education will be spatially
stationary within countries, but spatially non-stationary between countries (for example, the percent of
mothers with no formal education will have the same effect on childhood diarrhea wherever they live within a
country, but because of different development levels, the association will change from country to country).
Associations for socio-economic factors such as education will be positive (e.g., higher percentages of
households with unimproved toilets will correlate with higher risk of diarrheal disease). Other factors such as
rainfall and population density will show both negative and positive associations (e.g., urban advantage and
urban disadvantage).

Specific Aim 3: To examine the associations between the recent conflict in Northeast Nigeria and the
prevalence of childhood malnutrition and diarrheal disease.

Hypotheses: Malnutrition and diarrhea rates will be similar in conflict areas and non-conflict areas before the
start of the insurgency with a generally improving trend over time, but rates will increase in conflict areas after
the start of the insurgency while maintaining a general downward trajectory in non-conflict areas. An
estimation of the counterfactual – the average outcome for conflict-affected children if they had not been
affected - will show improvements through increased z-scores (closer to the healthy average) and reduced
rates of moderate/severe malnutrition and diarrhea. Weight-for-height and diarrhea prevalence will show the
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largest effect because these outcomes are sensitive to acute emergencies, while the effects for height-for-age
and weight-for-age will not be as evident.
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Chapter 2. The Geo-spatial Distribution of Childhood Diarrheal Disease in West Africa: A CovariateAdjusted Cluster Analysis
Abstract
This research describes the geo-spatial distribution of childhood diarrhea in ten countries of West Africa
during the period 2008-2013. Logistic regression with household and climatic explanatory covariates was used
to obtain predicted diarrhea cases, which were compared to observed cases in a cluster analysis. The
regression analysis showed increased and statistically significant odds of diarrhea among children age 12-23
months in poorer and larger households, and where mothers had little education. Overall, children in urban
areas had overall higher risk than children in rural areas. Odds of diarrhea increased with latitude from the
wetter coastal areas to the drier northern areas. There was a positive linear association between temperature
and the odds of diarrhea and an apparent u–shaped association between rainfall and diarrhea, with the lowest
odds where there was moderate precipitation. Covariate-adjusted cluster analysis detected statistically
significant clusters in ten major cities (e.g., Dakar, Senegal; Yaoundé, Cameroon) and in 13 largely rural areas
(e.g., southern Mali). Areas with particularly high relative risk included a small village in south-central Nigeria
(6.03), Cotonou, Benin (7.16), and Kaduna, Nigeria (7.21). The study demonstrates the continued importance
of development programs (poverty reduction, education) and adaptation measures (food security in a
warming Sahel region) to protect child health, and that these interventions should be tailored to meet the
needs of specific populations (e.g., sewage systems in certain urban areas).

2.1 Introduction
Of the 6.3 million deaths in children under five years old in 2013, nine percent (567,000) were attributed to
infectious diarrhea.1 Although rates have declined significantly over the past 15 years, diarrhea remains the
second leading cause (after pneumonia) of mortality in children in the post-neonate period.1 In 2010, there
were an estimated 1.7 billion cases of childhood diarrhea worldwide.2 A quarter of these – 437.6 million
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episodes – occurred in Africa.2 In high-burden countries such as Mali, Nigeria, and Burkina Faso, incidence is
particularly elevated (3.96, 3.89, and 3.51 episodes per child-year, respectively, compared to the global
average of 2.7).2,3 There is evidence that prevalence varies considerably within countries, yet many countries
have a single national strategy to address diarrhea. For example in Nigeria’s national health strategy 20102015, there is acknowledgement that children living in the north of the country have higher mortality rates
than their southern counterparts, yet there is no mention of specific regional targeting of interventions such
as rotavirus immunization.4

Diarrhea is a leading cause of malnutrition in young children and together, these conditions form a vicious
cycle of decreased energy intake, loss of micronutrients, and increased vulnerability to infection. 5,6 Diarrheal
episodes and potential bouts of malnutrition occur at ages critical to physical growth and brain development. 7
As a result, in addition to short-term outcomes (illness, disability, death), there may be longer-term
consequences such as stunting; impaired intellectual development and school performance; decreased
economic productivity and reproductive performance; and increased risk of metabolic and cardiovascular
disease.8

There are several known risk factors for childhood diarrhea. Since the most common transmission of diarrheal
pathogens is through the fecal-oral route, a majority of cases occur in poor households and areas – both rural
and urban - where there is limited opportunity for personal hygiene, inadequate sanitation facilities, limited
access to safe drinking water, threats to safe food preparation (such as the presence of flies), and restricted
access to quality healthcare.7,9 Maternal educational attainment is also associated with higher risk, perhaps
because the mother is frequently the child’s primary - and often only - source of healthcare.10,11 In low- and
middle-income countries worldwide, diarrhea incidence is highest in children aged 6-11 months and then
decreases with age.12
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Less well-understood are risk factors for diarrhea associated with climatic conditions such as temperature and
rainfall, which directly influence the presence of diarrheal pathogens in the local environment. 13 For example,
bacterial loads in food and water may increase in warmer periods, viruses flourish in cooler periods, and
protozoa are more common in wet and warm conditions.14 Under hot, dry conditions, pathogens can become
more concentrated in water sources as evaporation increases, thereby increasing the risk of disease. 15,16
Diarrhea incidence may be higher in the dry season due to food insecurity, reduced hygiene, and increased fly
activity.8,17-19 However, diarrhea transmission has also been found to increase during the rainy season due to
fecal contamination of water sources.20

Despite progress in understanding the risk factors associated with childhood diarrhea and generally where the
burden is highest, few studies have shown how the risk is associated with both household and climatic
variables and where specific clusters of risk are located within West Africa, including within countries.

The aim of this study is to describe the geo-spatial distribution of childhood diarrheal disease across West
Africa during the period 2008-2013 with respect to household and climatic characteristics, including
identifying any statistically significant clusters of elevated risk. West Africa was selected as the study site as
the region has a high burden of childhood disease and accounts for the more than 40% of child deaths in subSaharan Africa.21 West Africa also has a varied climate, which helps to illustrate the role of different types of
climatic exposures. The availability of sub-national data within a reasonable timeframe was also a
consideration. These factors led to the final ten countries studied: Benin, Burkina Faso, Cameroon, Côte
d’Ivoire, Ghana, Guinea, Mali, Nigeria, Senegal, and Sierra Leone (Figure 2.1).
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It is hypothesized that unadjusted prevalence rates will vary across the region and within countries and that
areas of particularly high or low rates may be seen. However, without adjusting for seasonality (climate class,
rainfall, temperature) and household variables (wealth, mother’s education, child’s age, etc.), it will be difficult
to make any conclusions about areas of elevated risk. In adjusting for these factors, household variables will
be similar to the associations seen in the literature (elevated risk with increased poverty, ceteris paribus).
Diarrhea risk is expected to increase as climate classes go from the wetter south to drier north, which is an
overall harsher climate with regards to food security, remoteness, and access to health care. Associations
between rainfall and diarrhea will show that both extremes (too dry, too wet) will increase the risk of
diarrhea. The relationship between temperature and diarrhea will be weaker than for rainfall because allcause diarrhea will mask the presence of different pathogens, each with a preferred temperature range.
Cluster analysis will detect specific areas of elevated risk, even after controlling for household and climatic
variables because of community-level factors not included in the analysis. These clusters will be more
dominant in rural areas as is the global finding, but certain urban areas may also show heightened risk.
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Figure 2.1: Map of the ten West African countries that make up the study area. The northern part of Mali was not included in the
data source.

2.2 Methods
Data
This study combines health and climate data from a variety of sources. The outcome of interest – diarrhea
episodes among children under five – as well as key household covariates are from the Demographic and
Health Surveys (DHS).22 Urban/rural designations and climate data are derived from specialized products
described below.

Demographic and Health Surveys are large, nationally representative household surveys which have been
conducted in low- and middle-income countries since 1984.22 Among the many topics covered are those
related to child health; not only specific diseases, but also underlying influences such as household wealth and
21

the vaccination status of the child. Because the surveys use similar sampling methods and questionnaires,
they are considered comparable across countries and time periods.22

The DHS uses a two-stage sampling methodology. The country is first stratified by geographic (usually
administrative) regions crossed with urban or rural designation.23 In each stratum, enumeration areas
determined by the most recent census are used.23 In the first stage, a number of primary sampling units are
selected from the enumeration areas in each stratum. The household lists in these areas are updated, and a
fixed number of households are selected.23 All household members within a specific group (relevant here is all
women age 15-49) in the selected households are chosen for the survey.23 Those women with children age 059 months are asked about the health and care of their children.23

Most DHS surveys are now geocoded.22 A GPS coordinate is recorded at the approximate center of each
primary sampling unit.24 To ensure confidentiality, these sampling point coordinates are then randomly
displaced 0-5 kilometers in rural areas and 0-2 kilometers in urban areas.24 Sampling point coordinates are
sometimes not collected or cannot be verified and are listed as missing.22

Note that the northern part of Mali was not surveyed in the 2013 DHS and is not included in this analysis
(Figure 2.1).
Diarrheal disease
The outcome of interest is whether the child has had diarrhea in the past 2 weeks. Interviewers are trained to
explain this means three or more loose or liquid stools per day.25
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Wealth Index
Rather than using an income-based measure of wealth, which can be difficult to assess in low- and middleincome countries, the DHS uses a Wealth Index developed with the World Bank.26 The Index is based on
assets and services available to the household and contains variables directly and indirectly associated with
childhood diarrhea. These variables include the source of drinking water, type of toilet facility, type of
flooring, presence of electricity, and the ownership of agricultural land, a refrigerator, and a television or radio
(which may be linked to health messaging). Social measures such as education are purposely not included in
the Wealth Index.26 The Index is presented in terms of quintiles based on the population distribution from
poorest quintile to wealthiest quintile.

Household size
This is the number of people who usually live and eat together, whether they are related or not, plus any
visitors who spent the night before the interview with the household.25

Educational attainment of mother
Educational attainment is the highest level attended, but not necessarily finished. Although different
countries have different educational systems, this variable has been standardized to include no formal
education, primary education, secondary education, and higher than secondary education. 25

Age of child
The age of the child is measured in months. Here, age has been categorized according to known
vulnerabilities and behaviors of children under five such as the introduction of solid food around 6 months and
increased mobility around 1 year.12
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Urban/Rural class
Urban/rural classification was derived from the Global Rural-Urban Mapping Project (GRUMP).27 Urban
extents are based on a combination of known settlement points, population counts, and the presence of
nighttime lights.27 While DHS also distinguishes between urban and rural areas, GRUMP is likely more
consistent on a regional level.

GRUMP is available as a gridded dataset. For categorical rasters such as GRUMP, DHS recommends using a 5km buffer around each sampling point to reduce bias introduced by the confidentiality offset. 24 This guidance
along with the high resolution (1 km) of the dataset provided the opportunity to create a third class: urban
observations are where the 5-km buffer is completely within an urban extent; rural observations are
completely outside urban extents, and peri-urban is where the 5-km buffer encompasses both urban and rural
areas.

Climate class
The Köppen-Geiger climate classification scheme (KGCC) was used to assign each child a particular climate
regime. The KGCC is built on three elements – main climate type (equatorial, arid, etc.), precipitation regime,
and as relevant, temperature characteristics.28 For the West Africa study area, there are five climate types as
shown in Figure 2.2.

The KGCC dataset is available on a 0.5x0.5 degree grid.29 For this categorical raster, if the 5-km buffer around
the sampling point intersected two climate classes, the class with the majority of area was used. Because
there were only 15 observations in the Fully Humid class, the Monsoonal and Fully Humid classes were
combined for analysis.
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Figure 2.2: Köppen-Geiger climate classes for West Africa with locations of DHS sampling points. Names of climate classes have
been abbreviated; full definitions are shown in Appendix 2.1.

Temperature
Temperature data was obtained from the Climatic Research Unit (CRU) time-series (TS) dataset version 3.22.30
CRU TS v. 3.22 is a global dataset containing several climate variables derived from weather stations. 30 For
this study, monthly mean temperature in the month of the interview was used. The data are calculated on
0.5x0.5 degree grids.30

For continuous rasters such as this, DHS recommends either point extraction or – for consistency with
categorical rasters – a 5-km buffer.24 Because the temperature rasters are considerably coarser than 5 km,
point extraction was used.
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Rainfall
Rainfall data are from TAMSAT (Tropical Applications of Meteorology using SATellite data and ground-based
observations) which is a product specifically for Africa.31 Here, 10-day (dekad) estimates are used; specifically
the average rainfall during the four dekads before and of the interview. TAMSAT is a high resolution (4 km)
continuous raster dataset; therefore, the average rainfall within the 5-km buffer around each sampling point
was used.

Analyses
Data preparation
Sample weights were normalized from the country level to the level of the study area and applied to the DHS
data (calculations are shown in Appendix 2.2). These regional level weighted values are used throughout the
analysis.

Voronoi polygons were generated with ArcGIS software version 10.2 from the sampling points to create a
surface which aids with the visualization of patterns across the study area. 32 Each polygon defines an area of
influence around its unique sampling point so that any location within the polygon is closer to that point than
any other sampling point.33

General distribution of diarrhea prevalence
The number of children with diarrhea per number of children surveyed were mapped by Voronoi polygon to
illustrate the general distribution pattern.

Covariate-adjusted cluster detection and evaluation
Statistically significant spatial clusters of diarrheal disease were detected in the study area through a spatial
scan statistic, as encoded in SaTScan software version 9.4.1.34,35 This method evaluates many possible
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clusters, each centered on a particular polygon and varying in size depending on the number of contiguous
polygons. For each potential cluster with risk that is elevated relative to everywhere in the study area outside
of the cluster, the null hypothesis is tested whereby the elevated cluster is assumed to have occurred from
random chance alone. Clusters with elevated risk were identified if there was no more than a 5% chance of
incorrectly rejecting the null hypothesis that the elevated risk was just from random variation (p ≤ 0.05).

A purely spatial discrete Poisson model is used. This modeling compares the observed cases (weighted
diarrhea cases aggregated to each sampling point) to the expected cases. To calculate the expected cases,
logistic regression was applied at the individual level to obtain covariate-adjusted predicted values, which
were then aggregated to each sampling point.

For the regression, the SAS SurveyLogistic procedure was used.36 This incorporates the sample design into the
data analysis.36 Here, the sample strata are sub-national regions, clusters are DHS sampling points, and weight
is regional weight.

Three models were developed for computing the expected number of diarrhea cases based on different sets
of explanatory covariables. Model 1 provides predicted values based on household characteristics. These
include household wealth and size, mother’s educational attainment, the age of the child, and urban/periurban/rural designation. Model 2 is based on climatic factors including climate class, average temperature in
the month of the interview, and average rainfall in the 4 dekads before and of the interview. Model 3
incorporates all the household and climatic variables.

In running the three models, the maximum cluster size was designated as up to 50% of the population at risk
(the maximum), p-values were based on 999 iterations (results were the same for 9,999 iterations), and there
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was no geographic overlap among clusters. All the clusters with a p-value of ≤ 0.05 were mapped in ArcGIS by
Voronoi polygon.

2.3 Results
The ten DHS surveys used in this study are shown in Table 2.1. Out of a total of 117,374 weighted
observations, 1,563 (1.3%) were not geocoded as required for this study and were not included in further
analysis. The geocoded and non-geocoded data have virtually identical diarrhea prevalence rates (p-value for
two-tail t-test = 0.89). In the Burkina Faso and Sierra Leone surveys, respectively, two sampling points were
coincident and therefore the data were combined, resulting in a total of 4,944 sampling points used in the
analysis.

No.

Country

Survey Dates

No. of Geocoded
Sampling Points

No. Mothers
Interviewed

No. Children
Under 5

1
2
3
4
5
6
7

Benin
Burkina Faso
Cameroon
Côte d'Ivoire
Ghana
Guinea
Mali

Dec 2011 - Mar 2012
May 2010 - Jan 2011
Jan 2011 - Aug 2011
Dec 2011 - May 2012
Sep 2008 - Nov 2008
Jun 2012 - Oct 2012
Nov 2012 - Feb 2013

746
543
577
341
401
300
413

8,897
10,042
7,727
5,023
2,019
4,977
6,762

13,043
14,698
11,872
7,170
2,797
7,042
10,384

8
9
10

Nigeria
Senegal
Sierra Leone

Feb 2013 - Jun 2013
Oct 2010 - Apr 2011
Apr 2008 - Jun 2008

889
385
351

20,277
7,658
4,116

31,545
11,430
5,831

4,946

77,499

115,811

Total

Table 2.1: List of ten DHS surveys used in this study with dates, number of sampling points, mothers interviewed, and children
under five years old (mothers and children weighted).

Table 2.2 provides descriptive characteristics of the study population at the individual level. Any missing
values are randomly distributed and no sampling point had only missing values. The mean age of the children
was 29 months. Households had an average of 8 people, ranging from an average of 6 in Ghana to 14 in
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Senegal. The overall prevalence of diarrhea in the population was 12.8%, with the lowest rates in Benin (6.0%)
and the highest in Senegal (19.6%) and Cameroon (19.1%). In rural areas, 83.8% of the population under 5
was in the lowest three wealth quintiles, while it was 35.3% in peri-urban areas, and 7.0% in urban areas.
Among the mothers, 62.9% had no formal schooling; 73.2% in rural areas, 47.9% in peri-urban areas, and
31.2% in urban areas. The average number of children under 5 per mother was 1.5.

Fifty-eight percent of this population lives in the savannah climate class, while only 2% live in the true desert.
Average temperature in the month of interview was normally distributed with a mean of 27.8C. Rainfall was
heavily right-skewed with more than half the children experiencing ≤ 10 mm of precipitation in the 4 dekads
before and of the interview. As a group, however, these surveys do not exhibit significant “dry season bias”,
which can occur if fieldwork is scheduled to avoid the rainy season because travel is often difficult.37 For these
surveys, it is estimated that of 54% of fieldwork months were in the dry season against a backdrop of 48% of
months of dry season overall.

At the aggregate level, in 5.4% of sampling points (Voronoi polygons), 80% or more of households are in the
bottom wealth quintile, while in 44% of sampling points, 80% or more of households are in the bottom three
wealth quintiles. In 36.7% of polygons, 80% or more of mothers have no formal education while in 59.9% of
polygons, 25% or more of mothers have some education (primary, secondary, or higher). 57.4% of polygons
are designated as rural, 35.1% as peri-urban, and 7.5% as urban. 16.2% of polygons are in the fully
humid/monsoonal climate class, 63.9% are savannah, 18.5% steppe, and 1.6% desert.

Variable

Value

Individuals

Percent

14,480
98,760
2,571

12.79
87.21

18,984

16.39

Diarrhea
Yes
No
Missing
Household wealth
Wealthiest
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Wealthier
Middle
Poor
Poorest

22,286
23,306
25,211
26,024

19.24
20.12
21.77
22.47

2 to 6
7 to 11
12 to 16
17 to 21
22 to 62
Missing

54,421
42,111
12,606
3,930
2,580
163

47.06
36.41
10.90
3.40
2.23

Mother's education
Post-secondary
Secondary
Primary
No formal education
Missing

2,834
18,268
21,870
72,831
7

2.45
15.78
18.89
62.89

Age of child (months)
24 to 59
12 to 23
6 to 11
0 to 5

68,310
23,103
12,451
11,948

58.98
19.95
10.75
10.32

Rural
Peri-urban
Urban

74,247
33,147
8,417

64.11
28.62
7.27

Fully humid/monsoonal
Savannah
Steppe
Desert

14,022
66,587
33,096
2,107

12.11
57.50
28.58
1.82

12,962
89,864
12,985

11.19
77.60
11.21

25,232
34,518
30,103
25,958

21.79
29.81
25.99
22.41

Household size

Urban / Rural

Climate class

Temperature (°C)
19 to 24.9
25 to 30.9
31 to 34.4
Rainfall (mm)
0.00
0.01 to 10
10.01 to 40
40.01 to 140

Table 2.2: Characteristics of the study population at the individual level.

The overall distribution of diarrhea prevalence by Voronoi polygon is shown in Figure 2.3. Higher and lower
prevalence of diarrhea are evident, both across the region and within countries. In the country with the
lowest overall prevalence, Benin, 90% of the polygons have prevalence of 15% or lower, while only 10% of the
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polygons have prevalence rates between 15.1% and 60%. In Senegal, which has the highest overall
prevalence, the distribution is more even: 30% of polygons have prevalence rates up to 10%; 34% of polygons
have rates between 10.1% and 20%, and 36% of polygons have rates between 20.1% and 58%. Nigeria
provides an example of within country variation: in the North East Zone (outlined in blue), the average
diarrhea prevalence is 17.8% (SD 11.1%) while in the rest of the country, rates are considerably lower with an
average of 6.9% (SD 1.4%).

The prevalence of diarrhea over the entire study area is 12.8%; however, the rate in 38% of the polygons is
higher than that with up to three-quarters of children afflicted. In contrast, there were no diarrhea cases in
23% of the polygons.
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Figure 2.3: Unadjusted diarrhea prevalence by Voronoi polygons around sampling points (points not shown). The North East Zone
of Nigeria is outlines as an example of intra-country variation.

The odds ratios, 95% confidence intervals, and percent concordance for the three logistic regression models
used for computing expected values for the cluster analysis are shown in Table 2.3. There is a weak to
moderate effect on diarrhea prevalence for all of the explanatory variables. All values except one rainfall
category are statistically significant at the alpha = 0.05 level.

In Model 1 (household covariates), ceteris paribus, household wealth shows a dose-response association such
that the odds of a diarrheal episode for children in the poorest quintile is 58% higher than for those in the
wealthiest quintile. Increasing household size also steadily increases the odds of diarrhea: the odds of
diarrhea for a child in a very large household are 95% higher than for those in a small-to-average-size
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household. Children with mothers who had at least some primary education have the highest odds of diarrhea
– over twice the odds than for children with mothers with a post-secondary education. Compared to children
24-59 months, children age 12-23 months have over twice the odds of a diarrheal episode while babies age 05 months have 14% reduced odds. The odds of diarrhea for children in urban areas are 72% higher than in
rural areas and 18% higher than in peri-urban areas.

In Model 2 (climatic covariates), the odds of diarrhea increase as the general environment goes from wet to
arid such that the odds in a desert setting are 80% higher than in a fully humid/monsoonal area. Increasing
temperatures also increase the odds – compared to slightly cooler average temperatures, hotter temperatures
increase the odds by 22%. Compared to virtually no rainfall, increased rainfall reduces the odds of diarrhea by
18%; however at still higher levels the odds of diarrhea increase again (by 13%).

In Model 3, combining all the variables does not substantially change the odds ratios for the household
variables, indicating that they are independent from the climatic variables. The odds ratios for climate classes
are consistently lowered (though still positive and significant), showing slight confounding from the household
variables. Temperature and rainfall also act independently.

Percent concordance for Model 1, Model 2 and Model 3 is 61.7%, 50.0%, and 62.8%, respectively,
demonstrating that Model 3 has a greater ability to correctly predict the model outcome (correct predictions
for about 63% of the observations).

Household wealth
Wealthiest
Wealthier
Middle
Poor

OR

Model 1
95% CI

1
1.22
1.29
1.35

1.10
1.16
1.21

OR

1.35
1.44
1.50

Model 2
95% CI

OR
1
1.21
1.28
1.33
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Model 3
95% CI
1.09
1.15
1.19

1.33
1.43
1.48

Poorest
Household size
2 to 6
7 to 11
12 to 16
17 to 21
22 to 62 (max)
Mother's education
Post-secondary
Secondary
Primary
No formal education
Age of child (months)
24 to 59
12 to 23
6 to 11
0 to 5
Urban / Rural
Rural
Peri-urban
Urban
Climate class
Fully humid/monsoonal
Winter dry
Arid steppe
Desert

1.58

1.40

1.77

1.51

1.34

1.69

1
1.17
1.44
1.73
1.95

1.11
1.33
1.51
1.65

1.23
1.55
1.97
2.30

1
1.16
1.42
1.67
1.89

1.10
1.31
1.46
1.60

1.23
1.53
1.91
2.22

1
1.66
2.09
1.74

1.36
1.71
1.41

2.02
2.57
2.13

1
1.68
2.13
1.76

1.38
1.73
1.43

2.05
2.61
2.16

1
2.37
2.15
0.86

2.26
2.02
0.79

2.50
2.29
0.94

1
2.38
2.17
0.86

2.27
2.03
0.79

2.51
2.30
0.94

1
1.18
1.72

1.08
1.44

1.28
2.05

1
1.19
1.82

1.09
1.53

1.29
2.16

1
1.15
1.27
1.57

1.03
1.11
1.22

1.28
1.44
2.02

1
1.21
1.46
1.80

1.08
1.27
1.40

1.35
1.67
2.31

Temperature (C)
19 to 24.9
1
1
25 to 30.9
1.12
1.02
1.24 1.11
1.00
1.23
31 to 34.4
1.22
1.04
1.43 1.30
1.11
1.52
Rainfall (mm)
0.00
1
1
0.01 to 10
0.82
0.73
0.91 0.80
0.72
0.89
10.01 to 40
0.96
0.85
1.08 0.98
0.88
1.10
40.01 to 140
1.13
1.02
1.26 1.20
1.08
1.33
Percent concordance
61.7%
50.0%
62.8%
Table 2.3: Odds ratios (OR), 95% confidence intervals (95% CI), and percent concordance for diarrhea in the past two weeks. Model
1 controls for household variables, Model 2 for climatic variables, and Model 3 for all covariates.

The covariate-adjusted cluster maps for the three models are shown in Figure 2.4. The shaded areas indicate
statistically significant (p ≤ 0.05) clusters of high relative risk compared to the rest of the region. Several
clusters are identical, although the risk ratios are slightly different across models. These include areas in the
major cities of Dakar (Senegal), Bamako (Mali), Cotonou (Benin), and Ibadan (Nigeria) as well as larger clusters
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in northern Cameroon and Nigeria, southern Côte d’Ivoire, and several in Nigeria. Some clusters are larger in
Models 1 and 3 than in Model 2; for example, in Burkina Faso and Ghana. Guinea and Sierra Leone do not
have any clusters in Models 1 and 2, but one straddling the two countries appears in Model 3. The highest
relative risks from all the models are in Dakar (7.08), Cotonou (8.11), and north and south central Nigeria
(6.03-7.23).
2.4a

2.4b

2.4c

Figure 2.4: Clusters of high risk for childhood diarrheal disease controlling for (a) household characteristics, (b) climatic
characteristics, and (c) household and climatic characteristics.

2.4 Discussion
This analysis first illustrates general geo-spatial patterns of diarrheal disease in West Africa without covariates
and then identifies statistically significant clusters that remain after controlling for covariates to discern highrisk areas. General prevalence maps without covariates show areas of concern across the region and in
particular countries, but are of limited use without adjusting for covariates or accounting for seasonal and
35

survey method artifacts. For example, northeast Nigeria is consistently one of the most food insecure areas in
West Africa, and this is reflected in the diarrhea prevalence map.38 However, the map indicates that south
central Cameroon has a low disease burden, but the interviews in this area were conducted over 7 months
from the end of the dry season to the height of the rainy season such that the effect of either season may
have been cancelled by the other.

Findings from the regression modeling largely agree with previous studies. Poverty – and its links to crowding,
and inadequate water, sanitation, hygiene, and housing – is well-established as a major risk factor for
childhood diarrhea.39 Linked to (but not interchangeable with) poverty is the educational attainment of the
mother.11 Worldwide, children of mothers with no education have higher rates of diarrhea than those with a
secondary or higher education.39 Here, the highest odds are for those children whose mothers have some
primary education, perhaps because they are engaged in different livelihood activities that take them outside
the home.

Findings in this study regarding the urban/rural divide are somewhat different than previous studies.
Globally, children in rural areas have about a 10% higher prevalence of diarrhea than children in urban areas. 39
In sub-Saharan Africa, however, rapid urbanization combined with stagnant economies means that an
increasing portion of urban dwellers live in slums and shantytowns.40 Thus, the urban health advantage for
children has declined in Africa as expansion of livelihood opportunities, sanitation systems, and healthcare
have not kept up with urbanization rates.40 Furthermore, urban-rural differences for childhood diarrhea and
malnutrition in Africa disappear once household and community wealth are controlled. 41 In this analysis,
children in urban and peri-urban areas (where slums are often located) have greater odds of diarrhea, perhaps
reflecting this dynamic.
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The association between the age of the child and diarrhea is similar to what is found in the literature. A
worldwide study of low- and middle-income countries found incidence of diarrhea highest among children 611 months and a consequent decrease toward 59 months.12 Here, odds of diarrhea peak at 12-24 months.
The youngest children (0-5 months) are protected from diarrheal pathogens as they are largely being
breastfed (in this population, 96% have ever been breastfed), have limited mobility, and are under care from
the mother or other household members. As babies begin to eat and drink different foods, become more
mobile, and explore by putting things in their mouths, they are more exposed to pathogens and are at higher
risk. The odds of diarrhea decrease after 24 months as children’s immune systems develop and they gain
basic hygiene skills.

In this analysis, the association between diarrheal disease and the Köppen-Geiger climate classes is statistically
significant even before controlling for temperature, rainfall, or any household variables. A few health studies
have used the KGCC, but a global meta-analysis found no association between diarrhea morbidity and climate
class.42 This could mean that the KGCC are more indicative at a smaller spatial scale, especially for short-term
diseases such as diarrhea (compared to stunting due to chronic malnutrition, for example). In West Africa, the
climate classes correlate with major livelihood activities (farming, pastoralism) which influence child nutrition
and health independent of wealth or other factors.43 Another major factor is likely a lack of access to
healthcare in more remote desert areas and for transhumant populations. 44

This research found increased odds of diarrhea associated with higher temperatures. This is consistent with
the limited research in areas with climates similar to West Africa. Studies in Lima, Peru (desert climate class)
and the Pacific Islands (fully humid and monsoonal) found positive associations between temperature and
diarrhea hospitalizations or reports.45-47 Again, results are more mixed outside of the tropics; a global metaanalysis found no association.42 The mechanisms behind this association are not well-understood, but are
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likely linked to the biology of specific diarrheal pathogens (in West Africa, predominantly rotavirus,
enterotoxigenic Escherichia coli, Shigella, and Cryptosporidium) and how they survive and replicate at different
temperatures.48

The association between rainfall and diarrheal disease does not appear to be linear, but rather u-shaped with
higher risk at very low levels, lower risk at a moderate level, and higher again with very high levels. This is
consistent with other short-term (weekly and monthly) studies, which find that both low and high rainfall
increase diarrhea incidence.47,49-51 Here, low rainfall implies either a normal dry season or drought conditions
which can concentrate pathogens in drinking water, lead to food insecurity and malnutrition, and increase fly
activity.7,16,17 Moderate rainfall implies favorable conditions for growing crops and grazing livestock, which
may improve children’s nutritional status and health. Water sources are potentially plentiful, with enough
recharge to dilute pathogens. Very high rainfall, however, may lead to contaminated water sources and ruin
crops.20

The cluster analysis produced similar results for the three models, but Model 3 is the most robust and will be
discussed here. Due to the spatial constraints of the data, it is not possible to fully describe the high-risk
clusters; however, satellite imagery from Google Earth and anthropogenic biomes were used to further
characterize them as shown in Table 2.4.52,53 The range of increased relative risk is from 1.48 in southern
Ghana to 7.21 in Kaduna, Nigeria. Ten of the 23 clusters are mostly or fully urban, indicating neighborhoods or
whole cities with heightened risk. Essentially all of Dakar and Yaoundé (the largest cities in Senegal and
Cameroon, respectively) have elevated risk as do parts of Bamako, Ouagadougou, Cotonou (the largest cities
in Mali, Burkina Faso, and Benin), and Kaduna and Ibadan (major cities in Nigeria). Other major cities are
within larger clusters, with surrounding rural areas also at elevated risk. These include Conakry, Freetown,
Abidjan, Accra (the largest cities in Guinea, Sierra Leone, Côte d’Ivoire, and Ghana) and Bobo Dioulasso
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(Burkina Faso’s second city). However, not all major cities are at higher risk compared to the study area as a
whole, including Lagos (Nigeria) - the region’s megacity with 13 million inhabitants and extensive slum areas.
These clusters may have specific additional risk factors at the community level not included in the analysis.
For example, the small cluster in Cotonou includes a large market and is located adjacent to a man-made canal
which separates a lagoon from the ocean. This could pose risks with regards to excessive garbage and fly
activity, overcrowding and insufficient public toilets, and flooding from the canal.

The other 13 clusters are largely villages surrounded by croplands (cultivated land), rangelands (land used for
grazing livestock), or forests. Factors which were not included in the analysis that may contribute to elevated
risk include food insecurity and inadequate healthcare. The cluster in northern Nigeria and Cameroon may be
associated with conflict and drought in the area during the time of the surveys (2011-2013). In Nigeria,
fighting between the radical Islamic groups Boko Haram and Ansaru and the government has severely
disrupted agricultural productivity and led to food insecurity.54 Additionally, the insurgency is marked by
disruptions to the educational system, so that young mothers may have fewer resources to care for their
children.55 Also during this period, there was a drought in Cameroon, which contributed to food insecurity,
reduced hygiene, and several cholera outbreaks.56

No.
1
2
3
4
5
6
7
8
9

Location
Dakar (Senegal)
Southwestern Guinea and
northern Sierra Leone
Southern Cote d'Ivoire
Bamako (Mali)
Southern Mali
Eastern Mali and western
Burkina Faso
Ouagadougou (Burkina Faso)
Northern Burkina Faso
Eastern Burkina Faso

Description
Urban
Villages and croplands bordered by
Conakry and Freetown
Forests, croplands, villages, includes
Abidjan and other urban centers
Urban and rangelands
Croplands and forests
Croplands, rangelands, villages, includes
Bobo Dioulasso
Urban and villages
Rangelands
Villages, croplands, rangelands
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Cluster Radius
(km)
20

RR
4.79

117

1.98

320

2.15

7
70

5.09
2.01

142

1.49

9
42
39

2.29
2.22
1.86

10
11
12
13
14
15
16
17
18
19
20

Central Ghana
Southern Ghana
Cotonou (Benin)
Ibadan (Nigeria)
Western central Nigeria
Kaduna (Nigeria)
Northern central Nigeria
Northern central Nigeria
Southern central Nigeria
Southern Nigeria
Northern Nigeria and Cameroon

Villages and rangelands
150
2.30
villages, croplands, includes Accra
155
1.48
Urban
<1
7.16
Urban, villages, croplands
14
2.85
Croplands
<1
4.91
Urban
8
7.21
Croplands and villages
35
2.56
Croplands and villages
97
2.07
Village
<1
6.03
Villages
28
3.89
Rangelands, croplands, villages, some
290
2.39
urban centers
21
Western central Cameroon
Villages
27
1.80
22
Western central Cameroon
Forests
15
3.69
23
Yaoundé (Cameroon)
Urban
13
2.14
Table 2.4: Descriptions and radii of statistically significant (p ≤ 0.05) clusters of high relative risk (RR) of diarrhea within the study
area, controlling for household and climatic characteristics (Model 3).

2.5 Conclusion
In this study, the geo-spatial distribution of diarrhea in children under five years old across West Africa during
the period 2008-2013 was studied in two ways. First, a prevalence map with unadjusted rates was created.
Secondly, spatial clusters of diarrheal disease were detected and those with statistically significant elevated
risk compared to the rest of the study area were mapped. The cluster analysis required observed cases and
expected cases, which were the covariate-adjusted predicted values obtained through logistic regression.

Overall, unadjusted prevalence rates range from 0% to 75%, but with differences both between and within
countries. Benin had the lowest prevalence overall (6.0%) and 90% of sampling points had a prevalence of
15% or lower. Senegal had the highest prevalence overall (19.6%) and only 45% of sampling points had a
prevalence of 15% or lower. Intra-country variation is seen in the example of Nigeria, where the poorer North
East Zone had unadjusted diarrhea rates of 17.8% compared to the rest of the country (6.9%).

The logistic regression analysis showed that odds of diarrhea among children were increased and significant
with increased poverty, household size, among children whose mothers had little education, and among
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toddlers age 12 to 23 months. The child’s age and the mother’s education had the highest effects. Compared
to children aged 24-59 months, the odds of diarrhea for children aged 12-23 months were 2.38 (95% CI 2.272.51). Compared to children whose mothers had a post-secondary education, the odds of diarrhea for
children with mothers with only a primary education were 2.13 (95% CI 1.73-2.61). This indicates the
importance of resources and knowledge to combat diarrheal disease; for example that a family knows the
importance of clean water, can afford it, and ensures the youngest members of the household are prioritized
for its use. In this analysis, children in urban areas are on average more at risk than their rural counterparts,
which indicates that there is an urban disadvantage in this part of Africa. Odds of diarrhea were increased and
significant as climate zones grew progressively drier, ceteris paribus, which speaks to the presence of other
unobserved factors such as food security, in the harsh Sahelian climate. Diarrhea odds increased with
increasing temperatures, perhaps a result of pathogen survival and replication. Children in environments
where there was moderate rainfall had lower odds of diarrhea than those in both very dry areas and very wet
areas, demonstrating how diarrhea pathogens can become concentrated with low rainfall, and can spread
through water and sanitation systems with high rainfall.

After adjusting for household and climatic factors, statistically significant clusters of high relative risk
compared to the rest of the study area were seen in major cities (e.g., Dakar, Yaoundé, Bamako), but not
necessarily in those cities with known large wealth inequities. For example, Lagos and Douala are among the
most inequitable cities in the developing world - Lagos has a Gini index of 0.64 (where 0 is perfect income
distribution equality and 1 is perfect inequality) – but neither city shows particularly elevated risk of diarrhea,
ceteris paribus.57 This indicates that there are unobserved factors which influence whether a city is salubrious
or detrimental to child health; for example, crowding or failed municipal infrastructure systems and services
(sewage, garbage collection). Other clusters are seen in largely rural areas, where children are often more
exposed to unprotected water sources and food insecurity. Increased risk was greatest in urban areas (7.16 in
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Cotonou, Benin; 7.21 in Kaduna, Nigeria), but substantial throughout the study area (over 2 in 18 out of 23
clusters).

These results largely agree with the original hypotheses. However, the effect of temperature was stronger
than anticipated, perhaps indicating the presence of particular pathogens or their concentration in water
sources. Additionally, there were more clusters of elevated risk in urban areas than were expected, again
speaking to the question of urban advantage as a global phenomenon.

The findings from this research support on-going development goals which aim to improve modifiable factors
including increased coverage of improved water sources and sanitation facilities, increased educational
attainment, and the alleviation of poverty. The results also support adaptation measures, which are aimed at
factors that are difficult to change in themselves, such as living in areas where temperatures are increasing or
rainfall is decreasing. Recent climate models project intense warming in West Africa; 3 to 6°C by 2099 with
significant changes by 2030 in some parts of the region.58 Inter-model variation makes rainfall more difficult
to project, both in terms of magnitude and direction (drier or wetter). Areas of high risk could thus become
even more vulnerable unless adaptation measures tailored for urban and rural environments and at the
household and community level are taken. For example, food security for farmers and pastoralists will
become even more critical, while urban dwellers will require massive infrastructure improvements.

This study has several limitations including the 5-year time period. While DHS surveys are comparable and
seasonal differences are somewhat accounted for with climatic variables, the region is developing rapidly and
making gains in child health such that Sierra Leone in 2008 is not truly equivalent to Nigeria in 2013. These
data are also subject to bias due to the 2-week recall period for diarrheal episodes. There are also spatial
constraints with this study. Sampling points are not evenly distributed and are intentionally offset so that the
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Voronoi polygons are broad estimates of the location of the population of interest. A change in spatial scale –
for example sub-national regions rather than Voronoi polygons around sampling points – could alter the
findings (this is an example of the Modifiable Areal Unit Problem, common in spatial analysis). The climate
variables are at different spatial resolutions with temperature considerably coarser than rainfall.

Future research in this area could include examining interactions between household and climatic variables
and at associations between these variables at different spatial and temporal (i.e., seasonal) resolutions.

2.6 Appendices
Appendix 2.1: Definitions of Köppen-Geiger climate classes found in the study area. See Kottek et al, 2006 for
more detail.28

Designation
Desert

Köppen-Geiger
Name
(Abbreviation)
Arid – Desert - Hot
Arid (BWh)

Steppe

Arid – Steppe - Hot
Arid (BSh)

Savannah

Equatorial - Winter
Dry (Aw)

Monsoonal

Equatorial –
Monsoonal (Am)

Fully Humid

Equatorial – Fully
Humid (Af)

Temperature

Precipitation

Annual mean near-surface
temperature  18°C
Annual mean near-surface
temperature  18°C
Monthly mean temperature of
coldest month  18°C
Monthly mean temperature of
coldest month  18°C
Monthly mean temperature of
coldest month  18°C

Annual accumulated precipitation ≤ 5 x dryness
threshold
Annual accumulated precipitation > 5 x dryness
threshold
Precipitation in the driest month of winter is < 60 mm
Annual accumulated precipitation  25 x (100 precipitation in the driest month)
Precipitation in the driest month is  60 mm

Appendix 2.2: The calculation of regional sampling weights.
As seen in equation 1, below, the country-level sample weights are provided by DHS without decimal points
and are first divided by 1,000,000. The number of women of reproductive age per country is obtained from
the World Population Prospects (2010 data used as mid-point of surveys).59 These two numbers are multiplied
to obtain an inflation factor (IF). As shown in equation 2, the average IF per country is calculated by dividing
the sum of IFs per country by the number of sampling points per country. In equation 3, the regional sampling
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weight for each sampling point is calculated by dividing the IF from equation 1 by the average IF from equation
2. Weights are the same for every observation within a sampling point so the appropriate regional-level
weight is assigned to each child. The regional sampling weight calculations are performed with all observations
– geocoded or not – to preserve representativeness.
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Chapter 3. Spatially Non-Stationary Associations between Childhood Diarrhea and Socio-economic,
Climatic, and Environmental Risk Factors in West Africa: A Geographically Weighted Poisson
Regression Approach
Abstract
Diarrheal disease is a major contributor to child morbidity and mortality in West Africa. Global models - which
use all available data to estimate one average coefficient per explanatory variable for an entire study area indicate associations between diarrhea and socio-economic, climatic, and environmental risk factors, but
cannot discern whether these relationships change depending on specific location (i.e., are spatially nonstationary). In this study, both global Poisson and Geographically Weighted Poisson regression models were
applied to data from ten Demographic and Health Surveys conducted in West Africa from 2008 to 2013.
Results indicate that global models mask the spatial heterogeneity in the associations between diarrhea and
water source, toilet type, mother’s education, population density, latitude, temperature, rainfall, and altitude.
Furthermore, these covariables show associations in both positive and negative directions depending on
location. In certain places (e.g., western Mali) risk associated with multiple covariates were found. This
analysis serves as a preliminary step in discerning places where certain factors increase and decrease relative
risk for diarrheal disease and could assist with development and adaptation strategies to improve child health.

3.1 Introduction
Despite significant progress over the past 15 years, 11% of global deaths in children under five years old are
attributed to diarrheal disease, making diarrhea the second biggest killer of children after pneumonia. 1
Incidence of diarrhea is highest in Africa with an average of 3.3 episodes per child-year (uncertainty range 2.1
– 5.0) compared to the global average of 2.7 (uncertainty range 2.1 – 3.2).2

The risk of diarrhea in children is influenced by complex and dynamic interactions of biological, behavioral,
socio-economic, and environmental factors at different levels.3 Fundamentally, diarrhea is a “disease of
47

poverty” and is associated with a poor home environment, undernutrition, and a lack of access to essential
services.1

The most common transmission of diarrheal pathogens is through the fecal-oral route; therefore containing
human feces such that pathogens cannot reach water sources or be transmitted by flies is a key intervention. 4
Personal hygiene, especially washing one’s hands with soap, also limits the transmission of diarrheal
pathogens, for example during food preparation.4

Factors such as temperature and rainfall influence the presence and concentration of pathogens in the
environment and can compromise the integrity of water and sanitation systems. Under hot, dry conditions,
pathogens can become more concentrated in unprotected water sources as evaporation increases, thereby
increasing the risk of disease.5,6 During periods of high rainfall, uncontained feces may contaminate
unprotected water sources with diarrheal pathogens.7

In low- and middle-income countries, population density and related urban/rural classifications are associated
with child health. Dense settlement is often correlated with increased wealth, improved housing and access
to food, health care, and education for children and their caretakers.8 Open defecation is also less common in
dense settlements.8 However, urban dwellers tend to rely more on municipal infrastructure such as water
supply and sewage systems which are not necessarily properly installed and maintained, and can increase
exposure to fecal contaminants.9

There are many social aspects which influence knowledge, behavior, and resources to protect children from
contracting diarrhea or shortening diarrheal episodes. Examples are appropriate infant and child feeding,
vaccinations, and access to quality health care for early treatment.1 One aspect which cuts across these issues
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is the educational attainment of the child’s mother. This is associated with the risk of diarrhea because the
mother is usually responsible for the child’s feeding and hygiene, and is often the child’s primary, and often
only, source of health care.10,11

The associations between the risk factors discussed above and diarrheal disease have been studied at various
spatial scales and with different methods. Strina et al. (2003) used non-spatial statistical methods to describe
the magnitude and geographical distribution of enteric disease in a Brazilian city and Chaikew et al. (2009)
used spatial methods to detect hotpots of diarrheal disease in a province of Thailand. 12,13 A specific area of
interest in the study of disease is spatial non-stationarity which is when there is geographic variation in the
association between the disease outcome and an explanatory variable.14,15 Non-stationarity may be present,
but not fully recognized if the aim of a study is to produce a global model, which uses all available data to
estimate one average coefficient per explanatory variable for the entire study area. For example, a study of
70 countries estimated that compared to children using only surface water, access to basic water technology
such as a well lowers the odds of diarrhea by 7% across the whole area with 7% in the rural areas and 12% in
the urban areas.16 While this gives a global average and basic disaggregation of effect, it is not known how
access to a well would differ among different cities or in different parts of the world.

Spatial non-stationarity has been studied with several disease outcomes, including foodborne
campylobacteriosis in Tennessee with socio-economic variables and waterborne leptospirosis in Trinidad with
climatic and environmental variables.17,18 A few studies have examined the stationarity of associations
between risk factors and all-cause diarrhea. Carrel et al. (2011), found that greater tubewell density reduces
the prevalence of cholera or shigellosis in Matlab, Bangladesh and that the effect of tubewell density is
stationary.19 Leyk et al. (2012) examined pediatric diarrheal mortality in Brazil as a function of access to water
and literacy rates and found both to be non-stationary.15
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However, we are not aware of any research that has studied spatial non-stationarity in risk factors for diarrhea
across several countries, in Africa, or with explanatory variables that include socio-economic, climatic, and
environmental characteristics together. The aim of the present research is to examine whether there are any
significant spatial variations in the relationship between childhood diarrhea and key socio-economic, climatic,
and environmental characteristics across West Africa in the period 2008-2013. West Africa was selected as
the study area because of the high burden of diarrheal disease, the availability of survey data for ten countries
within a reasonable timeframe, and because the similarities and differences across these countries create a
compelling area in which to study potentially non-stationary processes. For example, while these nations face
similar challenges with regards to demographic pressures such as population growth and a general lack of
public services, they differ in other areas such as violence and conflict, which also effect child health. 20 There
is also considerable diversity in population density and climate in the region, which stretches from the sparsely
populated desert to dense equatorial cities (Figure 3.1).

It is hypothesized that in global models, risk of diarrheal disease will increase with increases in percent of
population with unimproved water sources and toilet types and percent of mothers with no formal education.
Risk will also increase with higher latitudes (more arid climate types), temperatures, and population densities
(overall urban disadvantage) and will decrease with higher rainfall. In geographically weighted models, it is
hypothesized that larger-scale factors such as latitude, altitude, and population density will have spatially
stationary associations with diarrheal disease (i.e., their effect will be the same across the study area).
However, rainfall and temperature associations are expected to be spatially non-stationary (for example,
rainfall – and the lack thereof - will have a larger effect in dry areas than in areas of moderate precipitation).
Associations between diarrhea and water source, toilet type, and mother’s education will be spatially
stationary within countries, but spatially non-stationary between countries (for example, the percent of
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mothers with no formal education will have the same effect on childhood diarrhea wherever they live within a
country, but because of different development levels, the association will change from country to country).
The direction of the association for socio-economic factors such as education will be as seen in the literature
(less education is associated with higher diarrhea prevalence). Other factors such as rainfall and population
density will show both negative and positive associations (e.g., urban advantage and urban disadvantage).

Figure 3.1: Map of the ten West African countries that make up the study area. The northern part of Mali was not included in the
data source.
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3.2 Methods
Data
Multiple datasets were joined for this analysis. The outcome of interest – diarrhea episodes among children
under five – as well as water, sanitation, and education variables are from the Demographic and Health
Surveys (DHS).21 Climate and environmental data are derived from specialized products described below.

Demographic and Health Surveys are large, nationally representative household surveys which have been
conducted in low- and middle-income countries since 1984.21 Among the many topics covered are those
related to child health; not only specific diseases, but also underlying influences such as household wealth and
the vaccination status of the child. Because the surveys use similar sampling methods and questionnaires,
they are considered comparable across countries and time periods.21

DHS uses a two-stage sampling methodology.22 The country is first stratified by geographic (usually
administrative) regions crossed with urban or rural designation.22 In each stratum, enumeration areas
determined by the most recent census are used. In the first stage, a number of primary sampling units are
selected from the enumeration areas in each stratum.22 The household lists in these areas are updated, and a
fixed number of households are selected.22 All household members within a specific group (relevant here is all
women age 15-49) in the selected households are chosen for the survey.22 Those women with children age 059 months are asked about the health and care of their children.22

Most DHS surveys are now geocoded.21 A GPS coordinate is recorded at the approximate center of each
primary sampling unit.23 To ensure confidentiality, these sampling point coordinates are then randomly
displaced 0-5 kilometers in rural areas and 0-2 kilometers in urban areas.23 Sampling point coordinates are
sometimes not collected or cannot be verified and are listed as missing.
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Diarrheal disease
The outcome of interest is whether the child has had diarrhea in the past 2 weeks. Interviewers are trained to
explain this means three or more loose or liquid stools per day.24

Water Source and Toilet Type
DHS uses the classification scheme for source of drinking water and toilet type developed by the WHO/UNICEF
Joint Monitoring Programme for Water Supply and Sanitation (JMP).25 The type of water source serves as a
proxy indicator for the quality of drinking water and toilet type is a proxy for adequately contained human
excreta. The terms “improved” or “unimproved” are used to distinguish between the two classes. Improved
and unimproved classes for water sources and toilet type are shown in Table 3.1. A few country-specific
categories were reclassified to fit this scheme (e.g., “sachet water” was reclassified as procured from a water
vendor).

Improved
Unimproved
- Piped into dwelling
- Tanker truck
- Piped to yard/plot
- Cart with small tank (water vendor)
- Public tap/standpipe
- Unprotected dug well
Water
- Tube well or borehole
- Unprotected spring
Source
- Protected dug well
- Surface water
a
- Protected spring
- Bottled water
b
- Rainwater
- Other
c
- Flush or pour flush to piped sewer system
- Flush or pour flush to somewhere else
- Flush or pour flush to septic tank
- Pit latrine without slab/open pit
- Flush or pour flush to pit latrine
- Hanging toilet/latrine
Toilet
d
- Flush or pour flush to unknown place
- Bucket toilet
Type
- Ventilated Improved Pit latrine (VIP)
- No facility/bush/stream
b
- Pit latrine with slab
- Other
- Composting toilet
25
Table 3.1: Improved and unimproved sources of drinking water and toilet types. Notes from JMP :
a) Bottled water is considered unimproved unless the household uses an improved water source for cooking and other domestic
uses. This is not asked in DHS and bottled water was therefore assumed to be unimproved.
b) Unspecified responses of “Other” for both water source and toilet type were considered unimproved.
c) A flush system to “somewhere else” is classified as unimproved as it likely empties into a street or canal.
d) A flush system to “an unknown place” is considered improved because the household likely simply does not know whether it
empties into a piped sewage system or a septic tank, both of which are improved.

53

Educational attainment of mother
Educational attainment is the highest level attended, but not necessarily finished. Although different
countries have different educational systems, the variable has been standardized to include no formal
education, primary education, secondary education, and higher than secondary education.24

Climate Class / Latitude
The Köppen-Geiger climate classification scheme (KGCC) is often used to differentiate between different
climate types (e.g., equatorial), and temperature/precipitation regimes.26 Here, latitude is used as a proxy for
climate type as the software used for Geographically Weighted Poisson regression modelling does not accept
categorical variables at present and the climate classes roughly follow a north-south pattern in West Africa
(see Figure 3.5a).

Temperature
Temperature data was obtained from the Climatic Research Unit (CRU) time-series (TS) dataset version 3.22.27
CRU TS3.22 is a global dataset containing several climate variables derived from weather stations and
calculated on 0.5x0.5 degree grids.27 The monthly mean temperature in the month before the interview and
in the month of the interview were extracted for each observation.

For continuous raster datasets such as this, DHS recommends either point extraction or – for consistency with
categorical rasters – a 5-km buffer.23 Because the temperature rasters are considerably coarser than 5 km,
point extraction was used.

Rainfall
Rainfall data are from TAMSAT (Tropical Applications of Meteorology using SATellite data and ground-based
observations), which is a product specifically for Africa.28 Data on average rainfall over 10-day periods
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(dekads) were extracted for 3, 2, and 1 dekads before the interview and the dekad of the interview. TAMSAT
is a high resolution (4 km) continuous raster dataset; therefore the average rainfall within the 5-km buffer
around each sampling point was used.

Altitude
The altitude of sampling points is collected during DHS surveys. However, to ensure consistency across the
region for this research, it was derived from the Shuttle Radar Topography Mission (SRTM) digital elevation
models (DEM).29 Due to computer processing constraints, point extraction rather than the average for the 5km buffer was used on this very high-resolution (< 100 m) dataset.

Population density
Population density was derived from the Gridded Population of the World (GPW), Population Density Grid
Future Estimates for 2010 (the mid-point of the surveys).30 The average within the 5-km buffer was used for
this 2.5x2.5 degree grid.30

Analyses
Geographically Weighted Regression (GWR) and Geographically Weighted Poisson Regression (GWPR)
Traditional regression models assume that the processes accounting for the disease of interest are spatially
stationary across the study area.31 Geographically Weighted Regression (GWR) models test that assumption
to determine a) whether associations vary in space, b) if they do vary, in what locations, and c) with what
magnitude and direction. GWR produces two types of models: a global model which assumes spatial
stationarity, and local regression models which are estimated at each location where observations were made.
The local coefficients are estimated using spatially weighted observations in the neighborhood around the
sampling point (the “kernel”), the size of which is determined by a bandwidth measure.15 If the spacing of
points is irregular, an adaptive kernel type rather than a fixed distance type is preferred. With adaptive kernel
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types, the number of neighbors rather than the distance is fixed so that the area of the search window varies:
smaller where the points are close together and larger where they are far apart.31 The selection of a
bandwidth size is critical to the analysis, but difficult if done manually for an adaptive kernel. Small
bandwidths may detect seemingly strong spatial variation in parameter estimates, but the estimates are not
wholly reliable because of the small number of observations utilized. Large bandwidths use more observation
points and are therefore more reliable, but they are also more biased as they are based on observations
increasingly distant from the regression point of interest.14
As a count of a relatively rare event, diarrhea episodes are appropriately modeled through a Poisson
regression model. The global Poisson regression model (equation 1) and geographically weighted Poisson
regression model (equation 2) can be written as:

log (Oi / Ei) = β0 + Σβj xij
j

log (Oi / Ei) = β0,i + Σβij xij
j

(1)

(2)

where Oi and Ei represent the number of observed and expected cases of childhood diarrhea, respectively, at
sampling locations i =1…n and xij is the observed value of the jth covariable at location i. For the global model,
Ei is treated as the offset variable and is forced to have a regression coefficient of 1. β0 is the common
intercept and βj are linear coefficients for the j =1 … k explanatory covariables j of sampling point i. Thus xij is
the jth variable at observation i. For the GWPR model, the regression coefficients β0,i and βij are specific to
each sampling point i, which allows for spatially varying parameters.32
The software GWR 4.0 (GWR4) includes three features which make it particularly useful for this study. 33 First,
the selection of bandwidth size for adaptive kernels is facilitated by automated searches. In “golden section”
searches, different bandwidth sizes are tested and the optimal bandwidth selected, usually determined by the
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AICc (small sample bias corrected Akaike Information Criterion – a measure of the relative quality of models
for a specific dataset which balances the trade-offs between model fit and model complexity ).34 Second,
GWR4 has the ability to fit Poisson GWR models, while other software is limited to only Gaussian models.
Third, GWR4 differs from previous versions in that it can fit semi-parametric GWR models.34 This allows the
user to mix globally fixed and locally varying terms of explanatory variables in any combination in one model.
The choice of which terms could be held geographically stationary is based on theory or the researcher’s
experience with the variable.14

Data preparation
To create a surface to assist with the visualization of patterns for descriptive characteristics across the study
area in map form, Voronoi polygons were generated from the sampling points using ArcGIS software version
10.2.35 Each polygon defines an area of influence (hypothetical catchment area) around its unique sampling
point so that any location within the polygon is closer to that point than any other sampling point. 36

Sample weights were normalized from the country level to the level of the study area and applied to the DHS
data. These regional level weighted values are used throughout the analysis.

The data were aggregated to each sampling point with its appropriate latitude and longitude coordinates.
Because variables must be continuous (i.e., not categorical) in GWR4 software, percentage for one class at a
time was calculated for water source, toilet type, and educational attainment. 34 For example, the percent of
mothers with no formal education is one variable and those with only a primary education is another. The
other explanatory variables are continuous and are used as is.

Alternate schemes to the JMP improved/unimproved classes for water source and toilet type were created to
test whether a different categorization better explains the associations between these variables and diarrheal
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disease for this particular analysis. Untreated water sources are surface water, unprotected and protected
wells, unprotected and protected springs, and tube wells or boreholes. This is based on the hypothesis that
the presence of residual chlorine from water that has presumably been treated better protects children from
diarrheal pathogens all the way to point of use.37 Unprotected water sources are surface water, unprotected
wells, and unprotected springs. This classification aims to distinguish between the most rudimentary types of
water sources and those which likely have fewer pathogens at the source and also allows for the possibility
that tankered water has been treated, that water vendors use an adequate water source, and that bottled
water is utilized for food preparation. Unenclosed flush toilet type are all JMP classes except flush or pour
flush to piped sewer system or septic tank. This classification aims to separate out all but the systems which
are most efficient in isolating people and vectors from fecal contaminants.

Similarly, temperature and rainfall data were summarized in various ways to test which categorization is the
most relevant to diarrheal disease. For example, rainfall was averaged using different dekads to test which
time period before the interview has the most effect. This is especially important because of the 2-week recall
period for diarrhea episodes.

Variable selection
To select the final explanatory variables, each one was modeled in GWR4 as a univariate predictor. Those
variables with the most improvement in goodness of fit between the global Poisson model and the GWPR
model were selected for model building. This was determined by the difference between the global and GWR
AICc within each category (e.g., rainfall). Before model building, the selected variables were checked for
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multicollinearity. The largest Variance Inflation Factor (VIF) was 2.07, well below the rule of thumb value of
10.38*

Model building and coefficient mapping
Once the key variables were selected, six Poisson models - three of which were semi-parametric - were fitted
with GWR4. Diarrhea cases were the response variable and the number of children per sampling point was
the offset variable. An adaptive bi-square kernel type and golden section bandwidth search were specified.
The model with the lowest AICc was determined to best explain the associations. The coefficients from a
GWPR model are similar to global Poisson coefficients in that in their exponentiated form, they represent
relative risk.14 Thus, each coefficient from this final model was exponentiated and mapped (some variables
were multiplied by a constant to facilitate interpretation before exponentiation). Similar to the approach
introduced by Matthews and Yang (2012), only estimates with t-statistic values less than -1.645 or greater
than +1.645 (indicating significance at the 0.10 level) are shown while non-significant values are masked.39
Unlike their method, which uses one gradient from “low effect” to “high effect” without denoting that a value
of 1 marks a change in direction of the association, here two gradients and a clear 1 value are used.
3.3 Results
Population description
The ten DHS surveys used in this study are shown in Table 3.2. Out of a total of 117,755 observations, 1,704
(1.4%) were not geocoded as required for this study and were not included in further analysis. The geocoded
and non-geocoded data have virtually identical diarrhea prevalence rates (p-value for two-tail t-test = 0.998).
In Ghana, one sampling point (one mother with one child) had all missing data for key water and sanitation
variables and was dropped. In the Burkina Faso and Sierra Leone surveys, respectively, two sampling points
*

Multicollinearity was the reason why a measure of wealth was not included in this study. DHS uses a Wealth Index, which
comprises several variables, including water source and toilet type. As the non-stationarity of water and sanitation variables is of
particular interest to diarrheal disease, they are studied instead of wealth.
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were coincident and therefore the data was combined. Thus the total number of points used in the analysis is
4,943.

No. of
No.
Geocoded
No. Mothers
No.
Country
Survey Dates
Children
Sampling
Interviewed
Under 5
Points
1
Benin
Dec 2011 - Mar 2012
746
8,897
13,043
2
Burkina Faso
May 2010 - Jan 2011
543
10,042
14,698
3
Cameroon
Jan 2011 - Aug 2011
577
7,727
11,872
4
Dec 2011 - May 2012
341
5,023
7,170
Côte d'Ivoire
5
Ghana
Sep 2008 - Nov 2008
400
2,018
2,796
6
Guinea
Jun 2012 - Oct 2012
300
4,977
7,042
7
Mali
Nov 2012 - Feb 2013
413
6,762
10,384
8
Nigeria
Feb 2013 - Jun 2013
889
20,277
31,545
9
Senegal
Oct 2010 - Apr 2011
385
7,658
11,430
10
Sierra Leone
Apr 2008 - Jun 2008
351
4,116
5,831
Total
4,945
77,498
115,810
Table 3.2: List of ten DHS surveys used in this study with dates, number of sampling points, mothers interviewed, and children
under five years old (mothers and children weighted).

Descriptive statistics for the study population at the individual level are shown in Table 3.3. Across the study
area, diarrheal prevalence is 13%. While 67% of households have an improved water source, only 43% have
an improved toilet. In urban areas (DHS classification), 85% of the households use an improved water source
and 76% use an improved toilet. In rural areas, it is 58% and 27%, respectively. Sixty three percent of mothers
have no formal education.

About 11% of the study households live in the humid lowest latitudes and 2% in the northern desert areas,
with the rest in the mid-latitude savannah and steppe areas. Temperature is normally distributed with an
average of 27.8C in the month before and the month of the interview. Rainfall is positively skewed with over
58% of the children experiencing an average of less than 15 mm of rain in the 4 dekads before and of the
interview. Nearly ¾ of the children live at altitudes between 25 and 500 meters, with 14% below that (nearly
all coastal), and 12% at higher altitudes. Despite rapid urbanization, West Africa is still largely rural with a
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weighted average population density of 23 people/km2. Only 5% of children in these surveys live in areas with
population densities of 5,000 people/km2 or more.

Variable
Diarrhea

Value

Individuals

Yes
No
Missing
Water Source
Piped into dwelling
Piped to yard/plot
Public tap/standpipe
Tube well or borehole
Protected dug well
Protected spring
Rainwater
Tanker truck
Cart with small tank (water vendor)
Unprotected dug well
Unprotected spring
Surface water
Bottled water
Other
Missing
Toilet type
Flush or pour flush to piped sewer system
Flush or pour flush to septic tank
Flush or pour flush to pit latrine
Flush or pour flush to unknown place
Ventilated Improved Pit latrine (VIP)
Pit latrine with slab
Composting toilet
Flush or pour flush to somewhere else
Pit latrine without slab/open pit
Hanging toilet/latrine
Bucket toilet
No facility/bush/stream
Other
Missing
Mother's education
No formal education
Primary
Secondary
Post-secondary
Missing
Latitude (°N)
2.0 - 5.9
6.0 - 9.9
10.0 - 14.9
15.0 - 16.9
Temperature (°C) - mean in month before and of interview
20.0 - 26.9

14,480
98,759
2,571

Unimproved

Improved

7,068
6,863
16,939
30,563
13,190
1,184
262
304
1,648
20,809
4,123
10,638
300
358
1,561

Unimproved

Improved

2,666
7,350
2,965
35
10,875
25,279
150
108
26,771
863
64
37,048
73
1,563
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Percent
12.79
87.21

66.58

33.42

43.17

56.83

72,831
21,870
18,267
2,834
7

62.89
18.89
15.77
2.45

12,906
41,263
58,934
2,708

11.14
35.63
50.89
2.34

37,688

32.54

27.0 - 28.9
48,759
29.0 - 34.6
29,363
Rainfall (mm) – mean in 4 dekads before and of interview
0.0 - 14.9
67,746
15.0 - 44.9
24,883
45.0 - 131.0
23,181
Altitude (m)
0.0 - 24.9
16,302
25.0 - 499.9
85,437
500.0 - 999.9
10,942
1,000.0 - 2,744.0
3,128
2
Population Density (people/km )
0.0 - 49.9
29,904
50.0 - 99.9
24,259
100.0 - 499.9
40,646
500.0 - 25,131.0
21,002
Table 3.3: Characteristics of the study population at the individual level.

42.10
25.35
58.50
21.49
20.02
14.08
73.77
9.45
2.70
25.82
20.95
35.10
18.13

Variable selection
Table 3.4 shows the results of the variable selection. Asterisks (*) mark those variables with the biggest
difference between global AICc and GWR AICc (Diff. AICc). As expected with these data, the GWPR model is an
improvement in all cases. The only variable category with two possibilities of aggregation is rainfall, where
sum and average over the 4-dekad period give similar differences of AICc (the rule of thumb is that if the
difference in AICc values between two models is less than or equal to 2, there is no real difference in the
performance of the models).14 Average rainfall was selected as it is more intuitive and comparable to average
temperature.

The percent deviance explained in GWPR is a measure of local goodness-of-fit and is a type of pseudo-R2.34
Bandwidth is the number of sampling points included in the kernel as determined by the golden section
search.

Variable

Diff. AICc

Water source (%)
* Unimproved, JMP classification
Untreated
Unprotected

3,961
3,078
3,167
62

% Deviance
Explained
GWPR
0.449
0.288
0.287

Bandwidth

45
231
231

Toilet type (%)
* Unimproved, JMP classification
4,202
0.457
44
Unenclosed flush toilet type
3,109
0.280
231
Mother's education (%)
* No formal education
3,925
0.444
44
No formal or only primary education
3,810
0.443
45
Latitude (°N)
* Latitude
3,975
0.422
44
Temperature (°C)
Avg. in month before interview
3,252
0.296
232
Avg. in month of interview
3,287
0.296
231
* Avg. in month before and month of interview (mean)
3,296
0.298
231
Rainfall (mm)
Avg. 3 dekads before interview
3,226
0.292
254
Avg. 2 dekads before interview
3,273
0.298
231
Avg. 1 dekad before interview
3,342
0.300
231
Avg. in dekad of the interview
3,023
0.265
399
* Avg. in 4 dekads before and of interview (mean)
3,405
0.307
232
Avg. in 3 dekads before and of interview (mean)
3,341
0.299
254
Avg. in 2 dekads before and of interview (mean)
3,343
0.298
254
Sum in 4 dekads before and of interview
3,403
0.307
231
Sum in 3 dekads before and of interview
3,407
0.307
231
Sum in 2 dekads before and of interview
3,339
0.298
254
Altitude (m)
* Altitude
3,934
0.431
44
2
Population density (people/km )
* Population density
3,150
0.285
231
Table 3.4: Variable selection. Diff. AICc is the difference in AICc between the global Poisson model and the GWPR model. %
2
Deviance Explained GWPR is a pseudo-R measure and bandwidth is the number of sampling points included in the kernel as
determined by the golden section search.

Model building
Model building and model results are shown in Table 3.5 and Table 3.6. In Models 1-3, all terms are allowed
to vary locally. Model 1 used all eight variables selected above. Because population density may have a nonlinear threshold effect where outcome changes after a critical level of density, population density and
population density squared were tested in Model 2. Next, an interaction term for rainfall and temperature was
tested in Model 3. Not shown are several other combinations of locally varying terms, none of which
performed as well as Model 1.
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In Models 4-6, the hitherto best model (Model 1) was altered such that one term was globally fixed. The three
variables tested were population density, latitude, and altitude, the hypothesis being that these variables are
relatively invariable across the study area and thus may influence childhood diarrhea in similar ways.

As seen in Table 3.6, the Model 1 remained the best-performing with all locally varying terms.

Variables Included in Model
Model
1)
2)
3)
4)
5)
6)

Eight Local
Nine Local – PD PD2
Seven Local - Rain Temp Int
Seven Local - PD Global
Seven Local - Lat Global
Seven Local - Alt Global

Water

Toilet

Educ.

Lat.

Temp.

Rain

Alt.

Pop.
Dens.

L
L
L
L
L
L

L
L
L
L
L
L

L
L
L
L
L
L

L
L
L
L
G
L

L
L

L
L

L
L
L

L
L
L

L
L
L
L
L
G

L
L
L
G
L
L

Pop.
Dens.
Sq.

Temp.
Rain Int.

L
L

Table 3.5: Variables used in model building, showing whether terms were globally fixed (G) or locally varying (L).
Model
1)
2)
3)
4)
5)
6)

Eight Local
Nine Local – PD PD2
Seven Local - Rain Temp Int
Seven Local - PD Global
Seven Local - Lat Global
Seven Local - Alt Global

Global
11,587
11,587
11,677
11,587
11,587
11,587

GWR
8,021
9,382
8,097
8,032
8,102
8,084

AICc
Difference
3,566
2,205
3,580
3,554
3,485
3,503

Diff. Best
Referent
1,361
75
11
81
63

Bandwidth
248
1,664
242
248
248
248

Table 3.6: Model results. Diff. Best is the difference in between the best performing model (Model 1) and the others.

Final model summary
The global Poisson regression results for Model 1 – the best performing model - are shown in Table 3.7.
When using all available data to estimate one average coefficient per explanatory variable for the entire study
area, water source is not significant at the 0.10 level, toilet type is not significant at the 0.05 level, and all the
other variables show high significance. A slight positive association is seen with water source, latitude,
rainfall, altitude, and population density. Slight negative associations are seen with toilet type, mother’s
education, and temperature. The results for the GWPR for Model 1 are shown in Table 3.8 with the ranges of
relative risk according to location, along with the percent of sampling points (n=4,943) which show significance
(t-statistic less than -1.645 or greater than 1.645) for each covariate.
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Variable

Relative Risk
P-value
Intercept
0.1496
0.0000
Unimproved water source (% households)
1.0003
0.2510
Unimproved toilet type (% households)
0.9995
0.0560
No formal education (% mothers)
0.9992
0.0120
Latitude
1.0397
0.0000
Temperature
0.9830
0.0000
Rainfall
1.0023
0.0000
Altitude
1.0001
0.0250
Population density
1.0000
0.0000
Table 3.7: Global Poisson regression results (Model 1) with relative risks and p-values.
Range of Relative % of sampling points
Risk
significant
Unimproved water source (per 10% increase)
0.93 – 1.11
28%
Unimproved toilet type (per 10% increase)
0.84 – 1.10
31%
No formal education (per 10% increase)
0.78 – 1.14
30%
Latitude (per 1-degree increase)
0.02 – 15.06
48%
Temperature (per 1-degree increase)
0.28 – 1.83
36%
Rainfall (per 10-mm increase)
0.43 – 41.30
64%
Altitude (per 100-m increase)
0.33 – 2.80
32%
Population density (per 100-pp/km2 increase)
0.65 – 1.68
37%
Table 3.8: Geographically Weighted Poisson regression results (Model 1) with range of relative risk and percent of significant
sampling points (n = 4,943).
Variable

Following Fotheringham (2002), the formal test for non-stationarity is if the interquartile range (Q3-Q1) of the
local regression coefficient is larger than twice the standard error of the global regression coefficient. 31 As
seen in Table 3.9, all variables show non-stationarity.

Variable
Intercept
Unimproved water
source (% households)
Unimproved toilet
type (% households)
No formal education
(% mothers)
Latitude

Min

Max

Q1

Median

Q3

Status

-21.308

37.931

-3.67717

-1.05873

1.48906

non-stationary

-0.008

0.011

-0.00178

0.00012

0.00234

non-stationary

-0.018

0.010

-0.00127

0.00091

0.00276

non-stationary

-0.025

0.013

-0.00496

-0.00147

0.00174

non-stationary

-3.800

2.712

-0.22052

-0.03132

0.12755

non-stationary

Temperature

-1.279

0.605

-0.07624

-0.00112

0.05676

non-stationary

Rainfall

-0.083

0.372

-0.01027

-0.00144

0.00655

non-stationary

Altitude

-0.011

0.010

-0.00090

0.00003

0.00089

non-stationary

Population density
-0.004
0.005
-0.00025
-0.00002
0.00007
Table 3.9: Stationarity test for Geographically Weighted Poisson regression results (Model 1).

non-stationary
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The mapped exponentiated GWPR coefficients (relative risk values) are shown next to maps of their respective
descriptive variables in Figures 3.2 through 3.9. Numbers in the (b) panels refer to the section “individual
variables”, below. Only the areas which show significant results (t-statistic values less than -1.645 or greater
than +1.645) are shown while non-significant values are masked in white.
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Figure 3.2 - Figure 3.9: Maps of descriptive variables (a) and GWPR coefficients (b). Numbers in (b) maps refer to the “individual
variables” section, below. Gray areas were not surveyed.

Individual variables
Refer to Figures 3.2 – 3.9:
Percent of households with unimproved water source
Region-wide, about 33% of households have unimproved water sources. Rates of unimproved water sources
are varied throughout individual countries, but in general, the proportion is higher in more sparsely populated
areas.

Several major urban centers show positive associations between the percent of unimproved water sources
and diarrheal disease. Coastal Sierra Leone and Guinea (1) including Freetown and Conakry have increased
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risk, as does Lagos and its northern extent (2) where 44% of households have unimproved water sources.
Other higher risk areas are rural mixed with more densely populated towns; for example, southern Benin and
western Ghana (3). The strongest negative associations (decreased risk) are seen in eastern Burkina Faso (4)
and central west Nigeria (5).

The range of relative risk for water source was 0.93 to 1.11 and the coefficient was significant in 28% of the
sampling points – the lowest of all the variables.

Percent of households with unimproved toilet type
About 57% of households in the study area have unimproved toilet types. As with water source, in general,
rates are varied throughout particular countries. However, the overall proportion of unimproved toilets is
higher and more urban residents are without improved toilets than without improved water sources.

The strongest positive associations between the proportion of unimproved toilets and diarrheal disease are in
sparsely populated central Senegal (1) and western Mali (2). Increased risk is also seen in central Guinea (3),
western Benin (4), and the eastern Niger River Delta area (5) which is a mix of villages and towns. The
strongest negative association is in southern Benin (6).

The range of relative risk for toilet type is similar to water source: 0.84 to 1.10 with significance in 31% of the
sampling points.

Percent of mothers with no formal education
Region-wide, about 63% of mothers surveyed had no formal education. In Ghana, Nigeria, and Cameroon,
there is a distinct north/south divide. In Ghana, about 15% of mothers had no formal education in the south
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versus 71% in north. In Nigeria, the difference is 10% versus 69%, and in Cameroon, it is 4% in the south and
63% in the north.

The proportion of mothers without formal education and diarrheal disease are positively associated in more
sparsely populated areas of Guinea (1) and Benin (2) where there are high rates of no education. In Cameroon
and Nigeria (3), the area of higher risk is also relatively sparsely populated, but with more of a mix between
higher and lower rates of no education. A third pattern is seen in Mali (4), Ghana (5), and western Nigeria (6).
In these areas of high positive association, there is a major city (Mopti, Accra, and Ilorin, respectively) with
relatively low rates of no education, surrounded by rural areas with high rates of no education. Negative
associations are also seen for education, most strongly in the Niger River Delta area (7).

Relative risk for mother’s education ranges from 0.78 to 1.14 with significance in 30% of sampling points.

Latitude / Climate Class
In the fully humid/monsoonal climate class, higher risk of diarrhea is seen most strongly in Sierra Leone (1),
but also in coastal and inland Guinea (2-3), western Côte d’Ivoire (4), and the eastern Niger River Delta (5). The
northern part of Sierra Leone (6) and southern part of Cameroon (7) show negative associations, while in
southeastern Côte d’Ivoire, there is no statistically significant association.

In the savannah climate class, the areas with the strongest positive associations are in southern and eastern
Benin (8) and western Nigeria (9). There were both positive and negative associations throughout the
northern savannah and steppe climate classes. The strongest negative associations are in southeast Ghana
(10) and southern Burkina Faso (11). In the small desert section of the study area, there were no statistically
significant effects.
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The range of relative risk for latitude is 0.02 to 15.06 with significance in 48% of sampling points.

Temperature
The strongest positive associations between temperature and diarrheal disease are in western Mali (1) where
conditions were cool and dry; eastern Ghana (2), which was cool and wet; and southern Benin (3) where it was
warm and dry.

Decreased risk was strongest in central south Ghana (4) which was cool with moderate rain or warm with
heavy rain; northern Sierra Leone (5) where it was warm with heavy rain or hot with moderate rain; central
and southern Benin (6-7) where conditions were warm or hot and dry; and the western Niger River Delta (8)
which was warm to hot with moderate to heavy rain.

Temperature was significant in 36% of the sampling points and had a relative risk range of 0.28 to 1.83.

Rainfall
The strongest positive associations between rainfall and diarrheal disease were in central Senegal (1), central
Mali (2), and southwestern Benin (3) where conditions were dry with cool to hot temperatures. Negative
associations are strongest in south central Benin (4), which was dry with warm to hot temperatures and
northern Nigeria (5), which was dry and hot.

Rainfall showed statistical significance for 64% of the sampling points and a range of relative risk from 0.43 to
41.30. These are the highest percent significant and largest range in the study.
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Altitude
Positive associations for altitude are seen in the Guinea Highlands (1), central Mali (2), and the Niger River
Delta in Nigeria (3). The Lake Volta region of Ghana (4) also shows positive associations. There are negative
associations in Benin and Nigeria (5) and along eastern Nigeria (6).

The low elevation coastal areas show both positive and negative associations. There are weak positive
associations in coastal Guinea (7) and stronger associations in a small area of southern Benin (8) and in Lagos
(9). The Niger River Delta (3) also has positive associations.

Negative associations along the coast are in western Senegal (including Dakar), eastern Benin (10-11), Sierra
Leone (including Freetown), and western Ghana (12-13).

The areas of highest altitude in the region show associations in different direction; slightly positive in northern
Guinea (14) and negative at the lower elevations of the Jos Plateau in Nigeria (15). Unlike these two places,
which have significant populations, the highlands of Cameroon are sparsely populated and show no
association between from altitude and diarrheal disease. The Bangiagara Escarpment in Mali (16) also shows
increased risk.

The range of relative risk for altitude is 0.33 to 2.80 with significance in 32% of the sampling points.

Population Density
The strongest positive associations between population density and diarrheal disease are mostly in sparsely
populated areas such as in eastern and central Senegal and western Mali (1), the Bangiagara Escarpment in
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eastern Mali (2), and eastern Burkina Faso (3). The strongest negative associations are in sparsely populated
areas in southern Mali (4) and Cameroon and Nigeria (5).

Of the largest cities in the study area, weak positive associations are found in Ouagadougou (6) and Cotonou
(7) and a weak negative association in and around Yaoundé (8). Nigeria has many more large cities than the
rest of the region, but there is a general pattern of weak negative associations in the north, weak positive in
the slightly less populated middle belt, and negative again in parts of the south. Lagos does not demonstrate
any significant associations.

Population density is significant in 37% of the sampling points with a relative risk range of 0.65 to 1.68.

Areas with multiple risk factors
Temperature and rainfall
Temperature and rainfall are both positively associated with diarrheal disease across Mali and northern
Guinea, as well as in smaller areas of eastern Burkina Faso, and central Ghana and Côte d’Ivoire.

In small areas of central Senegal, central Ghana, northern Benin, and northern Nigeria, there is increased risk
for rain, and decreased risk for temperature. Positive associations for temperature and negative for rain are
seen in western Guinea, northern Côte d’Ivoire, and northern Burkina Faso and Nigeria.

Latitude/climate class, temperature, and rainfall
In the fully humid/monsoonal climate classes with a positive association for diarrheal disease (Sierra Leone,
Guinea, Côte d’Ivoire, Niger River Delta), there was moderate to heavy rainfall with warm temperatures.
These were also the conditions in northern Sierra Leone and Cameroon where there was a negative
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association. In the monsoonal area of southeast Côte d’Ivoire, there is no statistically significant effect and
conditions were dry or with moderate rain.

In the savannah climate class, the areas with the strongest positive associations for latitude are in southern
and eastern Benin where conditions were hot and dry, and in western Nigeria, where it was hot with
moderate rain.

Water source and toilet type
There are a few areas which show increased risk for diarrhea associated with both percent of households with
unimproved water source and toilet type, the largest of which is in northeastern Nigeria. Others include
southwest Benin and central Guinea. In western Senegal (including Dakar), northwestern Mali, central eastern
Burkina Faso, northwestern Nigeria, and western Guinea there are positive associations for toilet type, but
negative for water source. The opposite is the case for parts of northern Benin and Nigeria, southern Benin,
and western Sierra Leone and Guinea (including Freetown and Conakry), which have positive associations for
water source, but negative for toilet type.

Temperature and water source or toilet type
There are also a few small areas with positive associations for both percent of households with unimproved
water source and temperature including northern Nigeria, northern Burkina Faso and northwestern Côte
d’Ivoire, which were all experiencing warm-to-hot temperatures. In east central Ghana, temperatures were
cool.

Areas with positive associations for diarrheal disease and both unimproved toilet type and temperature
include eastern Senegal, western Mali, northern Guinea, western Guinea, western Burkina Faso, and north
central Nigeria, which run from cool to hot temperatures.
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Rainfall and water source or toilet type
There are several small areas with increased risk for diarrhea associated with percent of households with
unimproved water source and rainfall, including northeast Nigeria, northern Burkina Faso, and coastal Benin
(all dry), and two places in Ghana, both with heavy rain conditions.

Areas of positive associations between diarrheal disease and both unimproved toilet type and rainfall include
western Senegal (including Dakar), central Senegal, western Mali, southwestern Benin, and the northern area
of Nigeria and Cameroon which were all under dry conditions. In central Guinea, there was heavy rain.

Population density and water source or toilet type or education
There is some overlap between areas of positive associations between diarrheal disease and both population
density and percent of households with unimproved water source (southwestern Côte d’Ivoire), but more so
with population density and percent of households with unimproved toilet type. Areas where both these
variables have positive associations are mostly in sparsely populated places such as central Senegal, western
Mali, and the northern tip of Nigeria and Cameroon. A few mid-size cities also show overlap including Labé in
western Guinea (which is surrounded by low population density) and Ouidah in coastal Benin.

Population density and education are both positively associated with diarrhea in sparsely populated areas of
Guinea and Ghana (not including Accra) and in and south of Mopti (Mali) and Ilorin (Nigeria). Areas of positive
associations for education and negative for population density include eastern Ghana, western Benin, and
parts of western Nigeria.
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Altitude and water source or toilet type
There are areas of positive associations between diarrheal disease and both altitude and percent of
households with unimproved water source in Guinea (including Conakry), and Lagos and its northern environs.
Altitude is negatively associated and percent of households with unimproved water source is positively
associated in Sierra Leone (including Freetown), northern Nigeria, and smaller areas in Ghana (Obuasi town)
and Benin (including Bohicon town).

Positive associations for unimproved toilet type and altitude overlap in two low elevation coastal areas – the
north coast of Guinea, and the Niger River Delta area in Nigeria as well as in relatively low areas such as along
the Niger River in Mali and the Lake Volta area in Ghana. There is also overlap in the highlands of northern
Côte d’Ivoire/southern Burkina Faso. Areas where altitude is negatively associated with diarrheal disease and
toilet type is positively associated include western Senegal including Dakar and parts of northern Nigeria and
Cameroon.

3.4 Discussion
While causality cannot be inferred from this cross-sectional study, the analysis has shown that there is spatial
variation in the relationship between childhood diarrhea and key socio-economic, climatic, and environmental
characteristics in West Africa.

The global Poisson model gives one coefficient per explanatory covariable for the whole study area. Thus, the
interpretation would be that a one-unit increase in the covariables latitude, altitude, rainfall, and population
density slightly increased relative risk of diarrheal disease, while a one-unit increase in the covariables
temperature, percent with unimproved toilet type and percent of mothers with no formal education slightly
decreased relative risk at the 0.10 level, ceteris paribus. Percent with unimproved water source shows no
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statistically significant association with diarrheal risk from a global model perspective. Overall drier climates
(in West Africa, higher latitudes) are often associated with elevated diarrhea risk due to threats to food
security, and it is plausible this is the case for higher altitudes as well.5,6 However, averaged over the whole
study area, rainfall increases risk, perhaps due to the contamination of water sources. Increasing risk with
increasing population density implies that there is an urban disadvantage in this area for child health, perhaps
due to failed infrastructure and lack of access to services for poorer households. Decreased temperatures
may be overall protective in this study region because of decreased evaporation of water sources, which can
concentrate pathogens, and decreased fly activity. The results for percent with unimproved toilet types is
unexpected, but may speak to findings from other studies which show that increased coverage of improved
latrines is not necessarily protective if communities still have high rates of open defecation or low rates of
handwashing with soap.40 Regarding the similar result with the educational attainment of mothers, perhaps
education is more important at the household level than the community level. For example, a study of 28 subSaharan African countries found no statistically significant decreased odds of child mortality in communities
(defined as DHS sampling points) where there was a relatively high proportion of mothers with secondary or
higher education.41 Overall, these small coefficient values may indicate that there is spatial variation which is
averaged out in the global model.

The GWPR analysis shows that the relationships between these covariables and diarrhea are more complex,
with each covariable acting as both a risk factor and apparently, as a protective factor, depending on location.
Additionally, there are specific locations for each variable where it is statistically significant and places where it
is not.

The range of risk for different variables is considerable (Table 3.8). The household-level variables of percent of
households with unimproved water source and toilet type and percent of mothers with no formal education
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have the narrowest ranges and are fairly centered around a relative risk of 1.0. Decreased risk associated with
these variables is difficult to interpret, but perhaps there are other factors which drive the disease pathway
more strongly. For example, in the lower Niger River Delta area, it seems that having a higher proportion of
mothers without education is protective against diarrheal disease. However, this area also has increased risk
due to poor sanitation, which could be the factor that drives diarrheal incidence more strongly.

Water source, sanitation, and education are modifiable risk factors and their improvement is often the aim of
development projects and global initiatives such as the Sustainable Development Goals.42 There is evidence
that integrated approaches such as joint education and sanitation programs increase the impact of health
programs and are more cost effective than singular approaches.43 Additionally, risk factors for many
conditions affecting children such as diarrhea, malnutrition and pneumonia are similar. 1,44 Therefore, while
many different approaches are necessary to improve child health and none should be devalued, the type of
analysis shown here could indicate which risk factors are more prominent in particular locations and could
assist with strategic planning, resource allocation, and coordination. For example, in northeastern Nigeria,
diarrhea risk is affected by both water source and toilet type, so increased services in both water and
sanitation may be important to decrease diarrheal disease. In other places, however, one intervention may
take precedence over another such as water source improvement in Conakry and Freetown and sanitation
improvement in Dakar.

Risk associated with population density has a slightly broader range, from 0.65 to 1.68. Explicitly, this means
that an increase of 100 people per square kilometer invokes as much as a 35% decreased risk for diarrhea in
some places, but the same stimulus invokes up to a 68% increase in risk in other places. The interpretation is
that there is an urban advantage for diarrheal disease in places such as Yaoundé, but an urban disadvantage in
Ouagadougou and Cotonou. In Cameroon, which has large sparsely populated areas due to mountains and
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rainforest, the concentration of people may improve child health by promoting economic opportunities,
adequate health care, infrastructure and housing. However, in other urban settings, the poor live in slums
with sub-standard infrastructure and housing and may not be able to take advantage of health services, all of
which increases risk of childhood diarrhea.45

Because of urban health advantage and disadvantage, increasing population density and urbanization in the
developing world is a major area of both concern and opportunity.46 In the ten countries studied here,
population density is comparatively low with a median of 65 people/square km in 2010 (the same as present
day Mexico).47 However, by 2050, density is expected to increase 2- to 3-fold such that Nigeria will have the
same population density as present day India.47 Additionally, the populations in seven of the ten countries in
this study were majority rural in 2010, but by 2050, all will be majority urban from 52% in Burkina Faso to over
70% in Côte d’Ivoire.48 This means that while sparsely populated rural areas are and will continue to be
important in the fight against diarrhea and other diseases, urban health will impact a growing proportion of
the population. In West Africa, the places likely to remain relatively rural are the northern Sahel (the southern
edge of the Sahara Desert) and mountainous regions such as in Cameroon. Urban growth is likely along
developing international highway systems such as the coastal roads from Lagos to Nouakchott (Mauritania),
across the Sahel from Dakar to Ndjamena (Chad), and along the Ibadan-Lagos-Accra corridor, which has a
current population of about 25 million people.49,50 This analysis indicates that responses to increased or
decreased population density will differ by location, so that one strategy may not be appropriate for planning
for future populations. For example, coastal cities may face specific risks from climate-sensitive diseases
because crowding and poor infrastructure could be exacerbated by storms, flooding, and rising sea levels. 51,52

Climatic and environmental factors have the largest ranges of relative risk, especially rainfall where an
increase of 10 mm invokes up to a 57% decrease in diarrhea risk, but also up to a 41-fold increase, depending
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on location. Temperature and rainfall data can be difficult to interpret because of the nature of survey
fieldwork. Interviews within each sampling point were conducted within a maximum of 4 days; thus the
temperature and rainfall data are accurate. However, within sub-national regions, interviews may be spread
out over months, thus creating a “patchwork” of different temperature and rainfall regimes. This could lead
to bias both in the analysis of data and in the interpretation. For example, interviews were conducted within a
short time span in western Mali and northeast Nigeria and provide a snapshot of climatic conditions. In places
like Burkina Faso, however, relationships between climate and diarrhea may be hidden within the multiple
temperature/rainfall regimes. Here, a few areas with more stable measures are discussed. Compared to the
rest of the study area, children in western Mali and eastern and western Guinea, who were experiencing cool
temperatures, were at increased risk of diarrhea. Children in northeast Nigeria, where it was hot, had
decreased risk. In western Mali and northeast Nigeria, conditions were dry and are associated with increased
risk. In eastern and western Guinea, very rainy conditions decreased risk. Therefore, a preliminary
interpretation may be that warmer temperatures or heavier rainfall are protective for diarrhea in some areas.
However, much depends on seasonality and climate type, which is not fully captured here. Risk is decreased
in higher latitude steppe areas in western Mali and northeast Nigeria, both of which were in the dry season.
However, risk increased in eastern Guinea, which was in the savannah rainy season. Increased risk is seen in
coastal Sierra Leone and Guinea, where rainfall and temperatures were quite high in a monsoonal climate
class, indicating there could have been a high presence of bacterial pathogens and perhaps contamination of
drinking water sources.53 Conversely, higher risk in western Mali where it was cool and dry in a steppe climate
class could indicate the presence of viral pathogens such as rotavirus, which prefer cooler temperatures. 53

Altitude also had a broad range of relative risk, from up to a 67% decrease in risk per increase of 100 meters in
elevation up to a nearly 3-fold increase of risk. In low areas, including along the coast, risk may decrease with
higher elevations since this would reduce exposure from flooded sanitation systems during storms or flooding
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(which is not captured in this analysis). Decreased risk is seen in low-lying parts of Senegal (including Dakar),
Sierra Leone (including Freetown), and western Ghana, but the opposite is found in coastal Guinea and Benin,
central Mali, Lake Volta, Lagos and the Niger River Delta area. This implies that compared to the rest of the
study area, low elevations are protective in these areas at the time of the survey, perhaps because livelihood
opportunities (e.g., natural crop irrigation and fishing in Lake Volta and along the Niger River) generally benefit
child nutrition and health and outweighed risk from flooding. Higher elevations may be protective in the
Guinea Highlands and the Bangiagara Escarpment in Mali compared to other areas, perhaps because these
populations are quite sparse and isolated, which can thwart the spread of infectious disease.

Despite multiple challenges, communities in Africa have shown resilience and adaptive capacity for building on
strong social networks, diversifying crops and livelihoods, migrating, and exploiting natural resources. 54 New
threats and opportunities from climate change will require new adaptation measures to protect child health.
Surface temperatures have increased over West Africa and the Sahel for the past 50 years and are projected
to rise between 3 and 6C above late 20th century baseline by the end of the 21st century.54 There is more
inter-model variation in rainfall projections in West Africa than for temperature, both in amplitude and
direction of change. Some models project that there will be more extreme rainfall days in May and July across
West Africa and the Sahel and more intense and frequent rainfall in the Guinea Highlands and Cameroon
mountains.54 Sea-level rise is also a threat to some areas of West Africa, especially Nigeria where some 3
million people may be flooded per year by 2100.52

The type of analysis shown in this paper here could help improve adaptation measures. For example, the risk
of diarrheal disease in parts of Mali and Guinea may be especially sensitive to temperature changes and also
have increased risk associated with sanitation and so therefore could be targeted for adaptation interventions.
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Similarly, coastal Benin, which is subject to sea level rise, shows sensitivity for diarrheal disease to rainfall as
well water source and toilet type and could be an area of particular concern.

3.5 Conclusion
In this research, the associations between childhood diarrhea and key socio-economic, climatic, and
environmental characteristics were first studied in a global model and then in terms of their spatial
stationarity across West Africa. The global model produced coefficient values which only partially support the
original hypotheses. Water source type – generally considered a key indicator in the study of diarrheal disease
- was not statistically significant. Latitude, altitude, and population density coefficients were in the expected
direction with increases resulting in increased risk. Rainfall and temperature coefficients were in the opposite
direction as was hypothesized with increased rainfall and decreased temperatures increasing risk. Increases in
the percent of households with unimproved toilet type and percent of mothers with no formal education
apparently decrease risk. However, the coefficient values were all close to 1 and are interpreted as averages
which mask both positive and negative associations at different locations. For a covariable such as rainfall, for
example, there is evidence that both too little and too much precipitation could be detrimental to child health
depending on where a particular child lives.

In the Geographically Weighted Poisson Regression model, every covariable was found to be non-stationary.
This partially supports the original hypothesis which posited that some associations would be stationary
(climate class/latitude, altitude, and population density), others would be non-stationary on a regional scale
(rainfall, temperature), and the remainder (water source, toilet type, and mother’s education) would show
stationarity at the country level and non-stationarity at the regional level. This shows that associations
between diarrheal disease and a variety of factors differ over space, speaking to the importance of spatial
methods and analyses at different spatial scales. In the GWPR model, every covariable also showed positive
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and negative associations (increased or decreased risk) depending on location. This supports the original
hypothesis for the environmental and climatic covariates as there is evidence for both protective and
detrimental outcomes resulting from urban living, high or low rainfall, overall arid or monsoon climates, etc.
Consistent positive associations were expected for the socio-economic factors (increased percentage of
households with unimproved water sources and toilet types and percent of mothers with no formal education
would be associated with higher risk), and it is difficult to interpret the dynamics where there are negative
associations.

Water source, toilet type, education, population density, temperature, and altitude had as much as a 72%
decrease in risk (for temperature), up to a 2.8-fold increase in risk (for altitude), and with an average of 32% of
sampling points statistically significant at the 0.10 level. Latitude and rainfall had wider ranges and a greater
percentage of statistical significance. Latitude invoked as much as a 98% decrease in risk and up to a 15-fold
increase with 48% of sampling points significant, and rainfall invoked up to a 57% decrease in risk and as much
as a 41-fold increase with 64% of sampling points significant.

Thus, the GWPR analysis as a whole shows complex patterns of risk for diarrheal disease which were masked
by the global model.

This analysis is best seen as an exploration of regional dynamics which, with further research, could be useful
in discerning areas where development and adaptation initiatives including specific interventions could reduce
diarrheal disease and improve child health overall. In many areas, risks associated with different covariables
were overlapping, indicating that integrated interventions are key. Areas of special interest include urban
centers, low-elevation areas (coastal and along rivers), remote areas such as western Mali which face multiple
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risk factors, conflict zones (northeast Nigeria), and special populations such as the Dogon who live along the
Bangiagara Escarpment.

The main strength of this study is that it uses the relatively new method of Geographically Weighted Poisson
regression to examine spatial variation in associations between risk factors and a major cause of child
morbidity and mortality in a high-burden area. It contributes to other GWR studies on disease and risk factors,
most of which show that a global statistical models may produce misleading results. 15 The study also
contributes to the small body of literature on GWPR by including eight socio-economic and
environmental/climatic variables whereas most studies use fewer variables of one type. It is the only health
study to our knowledge that uses latitude as a proxy for climate class, and one of few that examines altitude
and diarrheal disease empirically. Finally, this study introduces several techniques not seen in other GWPR
studies. One is the selection of variables for modeling using AICc to determine which aggregation of data will
contribute most to model performance. Second is showing the percentage of sampling areas points with
statistical significance for each coefficient so that researchers have a numeric sense of significance in addition
to the visual aid of maps. Thirdly, this paper improves upon mapping techniques hereto employed by making
both the magnitude and direction of the associations explicit.

The study has several limitations, most notably that it is an ecological study and cannot be used to make
inferences at the individual level. Also, the survey data used here introduces temporal complexities at
different levels. First, there is a five-year difference between the earliest and latest surveys, during which time
considerable progress (or deterioration) can occur, making a trans-national comparisons difficult. Secondly, in
places where the survey fieldwork was spread out over weeks or months, variables which can change quickly
such as rainfall were inconsistent and difficult to analyze and interpret. Thirdly, the 2-week recall period for
diarrhea introduces bias. Finally, there are several weaknesses with GWR itself, including multicollinearity
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across local estimates.55 The method is best used as an exploratory method and not to definitively confirm
spatial non-stationarity.32

Future research on this topic could take several approaches. One would be to focus on smaller spatial and
temporal scales which should provide more consistency and greater detail, perhaps with less evidence of nonstationarity.
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Chapter 4. Conflict and Health: Has the Boko Haram Insurgency in Northeast Nigeria Affected Childhood
Malnutrition and Diarrheal Disease?
Abstract
This research examines the relationship between conflict and childhood malnutrition and diarrheal disease in
Northeast Nigeria whose residents have been subjected to fighting between the Nigerian government and
Boko Haram - an extremist Islamist movement - since 2009. Using two household surveys from before and
after the Boko Haram insurgency started, a double-difference (difference-in-difference) approach was used to
assess the impact of the conflict on weight-for-height, height-for-age, and weight-for-age z-scores;
moderate/severe wasting, underweight, and stunting; and diarrhea prevalence. Results suggest that if
children exposed to the conflict had not been exposed, their average weight-for-height z-scores would be 0.49
standard deviations higher (p < 0.001) than they are, bringing the average from -0.74 to -0.25 (as per the
World Health Organization, from a “serious” nutritional crisis to a “poor” one). Additionally, the prevalence of
moderate/severe wasting would be 13 percentage points lower (mean z-statistic -4.2) than it is, bringing the
proportion down from 23% (a “critical” nutritional crisis) to 10% (a “serious” nutritional crisis, and close to the
average for all of West Africa, which is 9%). Diarrhea prevalence also improves in the counterfactual scenario
with a decrease of 8 percentage points (mean z-statistic -3.3), bringing rates down from 20%, to 12% (close to
the overall Nigerian average of 10%). The double-difference estimate was not statistically significant for
weight-for-age z-scores or moderate/severe underweight and height-for-age and moderate/severe stunting
did not meet the common trends assumption. Descriptive evidence suggests that poor child health outcomes
in the conflict areas of Northeast Nigeria may be due to disruptions to infrastructure and social services and
increased food insecurity in an already resource poor area. Although causal inference is somewhat limited
since other unidentified factors may contribute to both conflict and malnutrition/diarrhea, the findings merit
further research because of their potential importance to children living in extreme circumstances.
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4.1 Introduction
Children under five years old in developing countries are particularly vulnerable to health risks because their
immune systems are not yet fully effective, they are dependent on others for care, and they are exposed to
hazards such as unclean water and food insecurity.1 In 2015, 5.9 million children were expected to die with
80% of those deaths in sub-Saharan Africa and South Asia.2 A child in a conflict setting is twice as likely to die
as a child in a stable environment.2,3

Conflict affects child health through multiple pathways both directly and indirectly. Community and
household resources may be diminished as funds are diverted away from social services (such as immunization
programs), prices for food and other commodities rise, and fear or physical obstacles (checkpoints, landmines)
prevent caregivers from pursuing the family’s livelihood activities (such as accessing fields and livestock
grazing lands).4,5 Infrastructure such as health facilities, markets, water supply and sewage systems, schools
and roads may be damaged or otherwise inaccessible.4,5 Supply chains for food imports and essential
medicines are often disrupted.4,5 Populations may be forced to leave a conflict zone which could expose them
to inadequate shelter, water, sanitation, and food and deprive them of livelihoods. 4,5 Displacement puts
additional stress on host populations and their services and could increase population density. 5 Skilled
healthcare and other personnel may leave the area and the most vulnerable households may be unable to do
so.5

Most deaths due to conflict, particularly for children, are not from direct causes such as war-related trauma,
but rather are due to the conditions that were already the main causes of death before the conflict including
diarrheal disease, acute respiratory infections, measles, malaria, and severe malnutrition. 6 Therefore conflict
seems to both exacerbate pre-existing health issues and introduce new ones.6,7
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Malnutrition and diarrheal disease are two outcomes of particular interest in the study of child health and
conflict because of their overall contribution to morbidity and mortality in the developing world and their
sensitivity to disruptions commonly found in war zones such as increased food insecurity. 6 Malnutrition is a
contributing condition in about 45% of all child deaths worldwide and in 60% of child deaths attributed to
diarrheal disease.8,9 Malnutrition and diarrheal disease form a vicious cycle of decreased energy intake and
loss of micronutrients (due to lack of ingestion as the child weakens and intestinal malabsorption) and
increased vulnerability to infection with the breakdown of mucosal barriers and immune system dysfunction. 9
In addition to short-term risks of illness and death, long-term consequences can include impaired physical and
intellectual development and higher risk for metabolic and cardiovascular disease.10,11

Malnutrition is usually assessed using body measurements such as weight and height in combination with age
and sex to determine growth or failure to grow.12 A child’s measurements are compared to a reference
population to determine whether he or she falls outside of the expected distribution for any one of several
anthropometric measures and if so, by how many standard deviations. A z-score (or standard deviation score)
is the difference between an individual child's value and the expected value of the reference population. A
child is classified as moderately malnourished if he or she is more than 2 standard deviations below average
and severely malnourished if he or she is more than 3 standard deviations below average.12 The World Health
Organization reference standards introduced in 2006 are the most commonly used today. 13,14 These
standards are based on optimally fed children of different ethnic and regional origins. They are predicated on
the assumption - confirmed by numerous studies - that the distribution of basic nutrition scores for healthy,
well-nourished children is similar in most human populations.13

In acute emergencies where local capacities are overwhelmed, the preferred measure of malnutrition is
weight-for-height because weight is sensitive to sudden changes in food availability.4,7,15 Height-for-age,
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which develops over the life of the child may be a more appropriate measure for chronic food insecurity.7
Weight-for-age reflects both acute and chronic nutritional deficits, but is considered less useful than the other
indicators.11
A summary of these three most common measures of malnutrition in children are shown in Table 4.1, below:
Measure

Condition

Notes

Weight-forHeight (WH)

Wasting

▪ Wasted children are thin for their height
▪ Result of recent rapid weight loss or failure to gain
weight due to acute infection and/or inadequate dietary
intake
▪ Reversible if conditions improve
▪ Evidence of acute malnutrition

Height-for-Age
(HA)

Stunting

▪ Stunted children are short for their age
▪ A slow and cumulative process due to inadequate
nutrition, repeated infection, or both
▪ Not an indicator of current health and nutrition status,
as growth failure may have occurred in the past
▪ May be irreversible after about two years of age
▪ Evidence of chronic malnutrition

Weight-for-Age
(WA)

Underweight

▪ Underweight children are light for their age
▪ Due to wasting, stunting, or a combination of both

Classification (z-scores
compared to reference
standards)
Moderate
Severe
wasting
wasting
< -2 but > -3
< -3

Moderate
stunting
< -2 but > -3

Severe
stunting
< -3

Moderate
Severe
underweight
underweight
< -2 but > -3
< -3
* Children with nutritional edema – retained fluid which can contribute up to 50% of a child’s weight - are always classified as
severely malnourished (i.e., < -3 weight-for-height regardless of actual weight)
12
Table 4.1: Summary of malnutrition measures. Adapted from UNICEF.

The effects of war on child health are often studied through household surveys either in real time or
retrospectively. In one of a series of mortality surveys in the Democratic Republic of Congo, a strong
association between conflict and both violent and non-violent deaths was found.16 In conflict and non-conflict
areas of the country, the main reported causes of death were fever and malaria, diarrheal disease, and
respiratory infections.16 Children are most vulnerable to these diseases and those under five had nearly four
times the risk of dying than people five and older.16 Malnutrition was reported as an underlying or primary
cause of death in 10.9% of deaths in conflict areas and 8.1% in non-conflict areas.16 In Burundi, the civil war of
the 1990s was marked by displacement, looting of household assets (including livestock), and the theft or
burning of crops.17 Using a spatiotemporal conflict exposure variable, researchers found that rural children
who had been exposed to war for more than 14.7 months (the average exposure time) had height-for-age z92

scores 0.67 standard deviations lower than rural children who had not experienced war (p < 0.01).17
Additionally, for every month of exposure, height-for-age z-scores decreased by 0.05 standard deviations.17 A
study in Angola found higher levels of malnutrition (wasting and stunting) in conflict-affected areas and among
assumed supporters of the opposition (determined by ethnolinguistic group), even after controlling for urbanrural and other demographic differences.7

This study contributes to the literature on conflict and child health by examining the associations between the
recent conflict in Northeast Nigeria and the prevalence of malnutrition and diarrheal disease. The hypothesis
is that malnutrition and diarrhea rates will be similar in conflict areas and non-conflict areas before the start of
the insurgency with a generally improving trend over time, but that rates will increase in conflict areas after
the start of the insurgency while maintaining a general downward trajectory in non-conflict areas.
Furthermore, it is hypothesized that an estimation of the counterfactual – the average outcome for conflictaffected children if they had not been affected - will show improvements through increased z-scores (closer to
the global average) and reduced rates of moderate/severe malnutrition and diarrhea. Weight-for-height and
diarrhea prevalence are expected to show the largest effect because these outcomes are sensitive to acute
emergencies, while the effects for height-for-age and weight-for-age may not be as evident.

Nigeria and Boko Haram
Nigeria is Africa’s most populous country and among its most diverse with over 400 ethnolinguistic groups. 18
The country is affected by several conflicts based on overlapping ethnic, religious, political and regional
divisions including over resources in the Niger Delta, Christian-Muslim divides in the middle of the country,
and most recently, the rise of Islamist groups in the north, most importantly, Boko Haram. 18 Boko Haram
(‘Western education is a sin’) was founded around 2002 in Maiduguri, the capital of Borno state and largest
city in Northeast Nigeria (Figure 4.1).19 At least at its inception, the main tenet among its followers was
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regime change in Nigeria as they believe democratic and secular rule is in contradiction to Shariah – a way of
life for Muslims based on the Quran and the teachings of the Prophet Muhammad.19

Figure 4.1: Northeast Nigeria with conflict and non-conflict states.

In July 2009, the Boko Haram uprising began in Bauchi and spread to other northern states, leaving hundreds
of followers, Nigerian law enforcement officers, and civilians dead.20 The leader of Boko Haram was captured
and killed while in police custody in what is widely believed to be an extrajudicial execution. 20 The uprising left
Boko Haram without a leader, drove the organization underground, and marginalized more peace-seeking
members which eventually lead to radicalization and splinter groups such as Ansaru which have a purely
combatant mandate.19 The following year, a new leader took over Boko Haram, and attacks in the Northeast
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and other parts of the country including bombings, mass shootings, and executions began to rise. 20 In May
2013 the president declared a state of emergency in the states of Borno, Yobe, and Adamawa and deployed
large numbers of troops to quash Boko Haram.20 By November 2013, The US State Department had
designated Boko Haram and Ansaru as Foreign Terrorist Organizations, but it was when 276 girls were
abducted from their school in Chibok, Borno State in April 2014 that this conflict gained international
attention.20

Figure 4.2 shows a timeline of these events using violent deaths attributed to events involving Boko Haram as
a proxy for the intensity of the conflict. There are many indirect effects on the civilian population and these
deaths include combatants on both sides, but the objective here is to distinguish between Borno, Yobe, and
Adamawa as the affected group - called “conflict states” - and Bauchi, Gombe, and Taraba as the comparison
group - “non-conflict states”. People in the non-conflict states have certainly been affected by the crisis, but
the entire population of Borno, Yobe, and Adamawa states are considered directly impacted by the Boko
Haram insurgency.21 The timeline also shows July 2009 as a hard date for the start of the crisis in its current
violent form.22 This serves as the demarcation between pre-intervention and post-intervention for this study.

Figure 4.2: Timeline of deaths attributed to events involving Boko Haram in Northeast Nigeria. Data from Nigeria Watch.
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At the start of the conflict, little was known about disruptions and displacement in the most affected areas.
For example, as of August 2015, there were 1.4 million displaced people within the Northeast (1.3 million of
whom were in the conflict states) and 170,000 refugees. In July 2013, however, little was known about
internal displacement, although 9,000 refugees had already left Northeast Nigeria for neighboring
countries.18,21

As a whole, northern Nigeria is poorer than southern areas and even before the conflict, the states of the
Northeast ranked below the southern states on most socioeconomic indicators. 21 Food insecurity in Nigeria is
attributed to high food prices (especially in urban areas) and a lack of agricultural input and drought in rural
areas (in Northeast Nigeria, 28% of food is produced by the household – the highest rate in the country).24
Access to health care is historically difficult due to poverty and distance to facilities.25 Education, which
already had low achievement indicators compared to the rest of the country, has suffered even more with
attacks on schools, abductions, and forced recruitment of children since 2012. 26

4.2 Methods
Data
This study uses data from two Demographic and Health Surveys (DHS), one of which was conducted in Nigeria
in 2008 and the other in 2013 (Figure 4.2).27 The DHS are large, nationally representative household surveys
which have been conducted in low- and middle-income countries since 1984.27 The DHS uses a two-stage
sampling methodology.28 The country is first stratified by geographic (usually administrative) regions crossed
with urban or rural designation.28 In each stratum, enumeration areas determined by the most recent census
are used.28 In the first stage, a number of primary sampling units are selected from the enumeration areas in
each stratum.28 The household lists in these areas are updated, and a fixed number of households are
selected.28 All household members within a specific group (relevant here is all women age 15-49) in the
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selected households are chosen for the survey.28 Those women with children age 0-59 months are asked
about the health and care of their children and the children are measured and weighed.27 Only those children
who were alive at the time of the survey are included in this analysis.

The outcome variables of interest are malnutrition and diarrhea. Malnutrition is measured both as a
continuous variable using z-scores for weight-for-height (WHZ), height-for-age (HAZ), and weight-for-age
(WAZ) and as a binary outcome (moderate/severe wasted or not, moderate/severe stunted or not, and
moderate/severe underweight or not). Diarrhea is a binary variable of whether the child has had diarrhea in
the past 2 weeks or not. As per WHO guidelines, data were excluded if a child’s WHZ was below –5 or above
+5, HAZ was below –6 or above +6, or WAZ was below –6 or above +5, because these extreme values were
most likely a result of errors in measurement or data entry.13

In addition to exposure to conflict, explanatory covariables include characteristics related to the environment,
household, caregivers, and individual child as detailed below.

Environmental factors are:
 The month of the interview. This is used to control for seasonal effects of the survey as the rainy
 season starts in about May and runs through September in the Northeast, after which there is extremely
little rainfall. The rainy season is a key factor for primary food production for rural populations.
 Altitude, which ranges from about 100 to 1,500 meters for the sample population. Altitude may determine
livelihoods and remoteness of populations.
 Urban/rural designation. Esri’s “populated places” dataset was used rather than the DHS classification as it
is slightly more restrictive, using urban centers of only 50,000 people or more.29
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 Urban population rank. Also from the Esri dataset; classified as urban centers of population 50,000100,000; 100,000-500,000; 500,000-1 million; or greater than 1 million.29 In the Northeast, there are no
cities in the 500,000-1 million category and only one (Maiduguri) above 1 million. Also, by 2013, the
smaller cities had transitioned to medium ones.

Household characteristics are:
 Wealth as determined by an index which accounts for the assets and services available to a household.30
For this analysis, a binary variable was created for whether the household was in the bottom two wealth
quintiles (poorest households) or not.
 Water source and toilet type. These factors were classified as either “improved” or “unimproved” as per
the WHO/UNICEF Joint Monitoring Programme for Water Supply and Sanitation (JMP) classification
scheme.31 Water and sanitation are part of the wealth index, but showed little collinearity for this dataset
(VIF = 1.15 – 1.35).
 Number of people in household, which can have a positive effect on child health (many caregivers) or
negative (stretched resources). For this reason, this term was also squared.
 Number of children under five and this term squared. Similar to the variable above, a household with many
children may show pooled resources, but can also mean at least some of the children do not get the
attention or resources they need.32

Caregiver (child’s mother and mother’s partner) characteristics include:
 Occupation, which is classified here as either in agriculture/not working or other. “Not working” is included
because - especially for women - this means “not outside the home”. Combined with the wealth index, this
gives an indication of subsistence farming/pastoralism vs. reliance on outside wages.
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 Educational attainment, here as a binary variable of no formal education or some education (primary,
secondary, or higher). Attending a madrasa or other religious school is considered having no formal
education in the Nigeria DHS.33
 Mother’s religion, classified as Muslim or other (Christian or traditionalist).

Child characteristics are:
 Age in months. The term is also squared as, for example, stunting occurs primarily in utero and during the
first 2-3 years of life.34
 Sex, as several studies show slight differences in malnutrition outcomes between boys and girls.35,36
 Birth order, also squared as for some health outcomes, higher birth orders may be protective up to a
certain limit due to the experience of the mother and the help older siblings may provide in basic
childcare.32
Double-Difference (DD) analysis
Double-difference (also known as difference-in-difference) analysis is a popular methodology to estimate the
causal effects of policies or programs.37 It is a quasi-experimental design which makes use of before and after
groups, but without random assignment.38 Double-difference (DD) analysis has been used at least once to
study the effects of conflict (on education in Côte d’Ivoire) and on malnutrition (as a result of migration
patterns in Guatemala).34,39 The calculations and interpretations are relatively straightforward and the
endogeneity problems that typically arise when making comparisons between heterogeneous individuals can
potentially be avoided.40 In DD analysis, first a time- and population-specific intervention such as the
introduction of a policy or the inception of a new program is identified. Then the difference in outcomes after
and before the intervention for those affected by the intervention are compared to the difference in
outcomes after and before the intervention among those not affected by the intervention.
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This can be written as:
DD = [ (Intervention = 1 | Period = 1) - (Intervention = 1 | Period = 0) ] - [ (Intervention = 0 | Period = 1) - (Intervention = 0 | Period = 0) ]

The DD approach is most frequently used within a linear regression model with a continuous outcome variable
to which covariates may be added. In this study, the intervention is conflict and the model may be written as:
y = β0 + β1*Conflict + β2*Period + β3*(Conflict*Period) + βk*(environmental, household, caregiver, and child covariates) + ε

where the outcome variable y is the mean z-score, Conflict is a dummy variable coded 0 for conflict states and
1 for non-conflict states and Period is a dummy variable coded 0 for 2008 and 1 for 2013. The main coefficient
of interest is β3 - the interaction term of Conflict and Period - which is the estimate of the effect of the double
difference. Βk represents the coefficients for covariates included in the model and ε is the error term. Note
that for most DD analyses, exposure to the intervention would be coded 1; however here, we are interested in
what the outcome would have been for the exposed group (children in a conflict zone) had they not been
exposed. Therefore the reverse coding is necessary to obtain the correct sign for the interaction coefficient.

In addition to any differences in mean z-scores, it is important to know if there are any changes in the
likelihood that a child will be in the most vulnerable group – moderately or severely malnourished children.
For this, logistic regression is used, which also allows for testing the likelihood that a child will have diarrheal
disease or not. An advantage to the logistic model is that the marginal effects of the conflict can vary
according to the characteristics of the individual child.41 However, calculating the marginal effects of an
interacted term such as the DD coefficient is not straightforward in non-linear models.42 To facilitate this
calculation, the user-written Stata command inteff, which computes the correct marginal effect for the
interaction term as well as the standard errors and z-statistic, is used.42
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The fundamental assumption of DD analysis is that of common (or parallel) trends.43 In the language of this
study, common trends means that if the Boko Haram insurgency had not started, the difference in child health
outcomes in the conflict states and non-conflict states would be constant over time. In other words, in the
absence of the conflict, children throughout the Northeast would be on a similar path (improving, worsening,
or staying the same), ceteris paribus. If this assumption is not fulfilled, any estimation of the causal effect of
the conflict will be biased.

Common trends is tested by examining earlier data, if possible. The DHS program conducted two surveys in
Nigeria in 1990 and 2003 and these data were analyzed with the 2008 and 2013 data. First, proportions of
moderate/severe wasting, stunting, and underweight and diarrhea were calculated without covariates. Then,
to account for seasonal differences in the surveys, the month variable was included.44 This was conducted in
Stata with the user-written command svypxcat, which calculates covariate-adjusted proportions corrected for
survey weights.45

The 1990 and 2003 DHS surveys were at the zone (e.g., Northeast) level so the GPS coordinates of the
sampling points were used to determine states. These earlier surveys also used a different nutrition reference
standard, so the raw height and weight data were used to calculate the z-scores with the WHO standards
using the Stata user-written command zscore06.46

After examining the results of the common trends analysis, it was determined which outcomes should be
included in the linear and logistic regression models. These were conducted in Stata 14.1 first without any
covariates, and then adjusted with the environmental, household, caregiver, and child characteristics.47
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Because the inteff command allows for continuous and indicator (0/1) variables, but not categorical ones,
urban population was converted to an indicator variable for the logistic model.

4.3 Results
Population description
Descriptive statistics for the 2008 and 2013 populations are shown below for explanatory variables (Table 4.2)
and health outcomes (Table 4.3). There are few missing observations for the explanatory variables, but the
number is significant for malnutrition due to the challenges of field work and obtaining complete and credible
measurements.25,48

The two surveys were done at different times of the year; during the entire rainy season in 2008 and spanning
the dry season and start of the rainy season in 2013. Overall, the conflict states are more urbanized, mostly
due to the presence of Maiduguri, where the proportion of the population grew from 7 to 13% between the
two surveys. The proportion of households in the wealthier three quintiles grew in the Northeast between
2008 and 2013, but unevenly; 10% in conflict states, but with no proportional change in the non-conflict
states. Similarly, the average increase in access to improved water sources and toilet types from 2008-2013
was from 34 to 45%, but with a larger increase in the conflict states (water 18%, toilet 12% ) vs. non-conflict
states (water 10%, toilet 3%). Education rates are low in the Northeast; 72% of mothers and 60% of their
partners have no formal education. About 85% of the population is Muslim.

While moderate or severe wasting declined in the non-conflict states by 10%, the proportion increased in the
conflict states from 18 to 23%. There was a steep decline in the proportion of children with moderate or
severe stunting in the conflict states from 49% to 36% while there was virtually no change in the non-conflict
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states. Proportions for moderate or severe underweight and diarrhea prevalence declined equally for conflict
and non-conflict states; about 4% and 2%, respectively.

Variable
Weighted observations
Month of interview
Feb - Apr
May - Jul
Aug - Oct
Altitude (m)
92 - 250
251 - 499
501 - 999
1,000 - 1,562
Urban/Rural
Rural
Urban
Urban population
50 - 100,000
100 - 500,000
> 1 million
Not urban
Wealth
Wealthier 3 quintiles
Poorest 2 quintiles
Water source
Unimproved
Improved
missing
Toilet type
Unimproved
Improved
missing
No. people in household
2-5
6-8
9 - 43
No. under fives in household
1
2
3-9
missing
Mother's occupation
Other
Agriculture or not outside home
missing
Partner's occupation
Other
Agriculture or not outside home
missing
Mother's education
Some education
No formal education
Partner's education
Some education
No formal education

2008
Non-Conflict
Conflict
(Proportions)
(Proportions)
3,810

4,168

2013
Non-Conflict
Conflict
(Proportions)
(Proportions)
2,462

2,572

0.39
0.61

0.42
0.58

0.61
0.39
-

0.65
0.35
-

0.17
0.59
0.23
0.02

0.12
0.77
0.09
0.02

0.13
0.66
0.15
0.06

0.11
0.77
0.08
0.01

0.91
0.09

0.82
0.18

0.91
0.09

0.77
0.23

0.01
0.08
0.91

0.03
0.08
0.07
0.82

0.09
0.91

0.11
0.13
0.77

0.28
0.72

0.31
0.69

0.28
0.72

0.38
0.62

0.71
0.29
0.01

0.64
0.35
0.00

0.61
0.39
0.01

0.46
0.53
0.01

0.67
0.32
0.01

0.61
0.39
0.01

0.64
0.35
0.01

0.48
0.51
0.01

0.31
0.32
0.37

0.29
0.35
0.36

0.28
0.31
0.41

0.38
0.32
0.30

0.18
0.38
0.43
0.01

0.18
0.37
0.45
0.01

0.17
0.35
0.47
0.01

0.23
0.40
0.36
0.01

0.47
0.53
0.01

0.35
0.64
0.01

0.50
0.48
0.01

0.32
0.67
0.00

0.44
0.54
0.03

0.47
0.51
0.02

0.47
0.52
0.01

0.49
0.49
0.01

0.29
0.71

0.25
0.75

0.31
0.69

0.28
0.72

0.39
0.57

0.33
0.65

0.45
0.53

0.35
0.64
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missing
Mother's religion
Other
Muslim
Child's age (months)
0-5
6 - 11
12 - 23
24 - 59
Child's sex
Female
Male
Birth order
1st - 2nd
3rd - 4th
5th - 17th

0.04

0.01

0.02

0.02

0.20
0.79

0.13
0.87

0.17
0.83

0.09
0.91

0.14
0.11
0.20
0.56

0.12
0.10
0.19
0.59

0.12
0.11
0.21
0.57

0.10
0.11
0.20
0.59

0.49
0.51

0.51
0.49

0.49
0.51

0.49
0.51

0.32
0.27
0.41

0.28
0.28
0.44

0.30
0.26
0.44

0.37
0.28
0.36

Table 4.2: Proportions of environmental, household, caregiver, and child characteristics in conflict and non-conflict states of
Northeast Nigeria, 2008 and 2013.
2008
Variable

Non-Conflict
No.

Weighted observations
Moderate or severe wasting
No
Yes
missing
Moderate or severe stunting
No
Yes
missing
Moderate or severe underweight
No
Yes
missing
Diarrhea past two weeks
No
Yes
missing

2013
Conflict

Prop.
3,810

No.

Non-Conflict

Prop.
4,168

No.

Conflict

Prop.

No.

2,462

Prop.
2,572

2,042
770
997

0.73
0.27

2,611
560
997

0.82
0.18

1,749
356
357

0.83
0.17

1,529
452
591

0.77
0.23

1,439
1,374
997

0.51
0.49

1,627
1,543
997

0.51
0.49

1,104
1,001
357

0.52
0.48

1,258
723
591

0.64
0.37

1,750
1,062
997

0.62
0.38

2,153
1,018
997

0.68
0.32

1,394
711
357

0.66
0.34

1,424
557
591

0.72
0.28

2,836
925
49

0.75
0.25

3,379
737
52

0.82
0.18

1,871
544
48

0.77
0.23

2,030
518
24

0.80
0.20

Table 4.3: Number and proportions of health outcomes in conflict and non-conflict states of Northeast Nigeria, 2008 and 2013.

Common trends
There is no statistical test for common trends analysis, but visualization such as in Figure 4.3 is helpful for
discerning patterns. Including the month of household interview term makes the trends more parallel for
wasting and underweight, but not for stunting. This is logical, especially in rural areas where a child’s weight
may change quickly from season to season. This effect would not necessarily be seen with stunting, as that is
a cumulative process over years. The trend for diarrhea prevalence changes slightly, most importantly, the
slight upward tick from 2008-2013 in the unadjusted model becomes a downward trend in the adjusted
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model. Seasonal effects of diarrhea can be complex in sub-Saharan Africa. For example, increased rains can
contaminate water supplies, but the dry season can also concentrate pathogens, increase fly activity, and lead
to poorer hygiene and food security.49-52

Wasting, underweight, and diarrhea prevalence fulfilled the common trends requirements. For wasting, the
trends are similar before the start of the conflict and then diverge after the start of the conflict, so there is
likely a significant double-difference estimate. For underweight, the trends are nearly parallel, and remain so
after the start of the conflict, so any double-difference estimate is likely to be statistically insignificant. For
diarrhea prevalence, after the start of the conflict, the rate of diarrhea declines in both conflict and nonconflict states, but apparently at a slower rate in the conflict states; thus there may be a statistically significant
double-difference estimate. Stunting shows a nearly complete divergence of trends, indicating any doubledifference would not be valid, even if it was statistically significant because the result could not be attributed
to the start of the conflict.

Based on these results, further analysis and discussions will focus on weight-for-height and wasting, weightfor-age and underweight, and diarrhea prevalence. For completeness, the results for height-for-age and
stunting are shown in the Appendix and will be included in the discussion.
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Figure 4.3: Trends in malnutrition and diarrheal disease in Northeast Nigeria’s conflict and non-conflict states: (a) panels are raw
proportions, (b) panels are proportions adjusted for month of household interview. Dotted orange line is the time point between
the 2008 and 2013 surveys.
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Weight-for-height z-scores
The results of the linear regression for weight-for-height z-scores are shown in Table 4.4. Model 1 is without
covariates and Model 2 has all environmental, household, and child covariates. Model 3 has select covariates
based on their significance in Model 2. The main coefficient of interest is “double-difference”, which is highly
significant in all the models. The results suggest that, ceteris paribus, if children who were exposed to the
Boko Haram insurgency had not been exposed, their mean weight-for-height z-scores would be 0.49 standard
deviations higher than they are (p < 0.001). More variance can be explained with the addition of covariates to
Model 1 and the main difference between Model 2 and Model 3 is that the intercept increases from -0.40 to 0.27. On average, z-scores increase if the interview was conducted in the rainy season compared to the dry
season. Altitude has a small, but significant effect with z-scores decreasing slightly for every meter gain in
elevation. Urban/rural classifications were not statistically significant, although the size of urban center was.
Specifically, children in Maiduguri had an average weight-for-height z-score 0.72 standard deviations higher
than children living in small cities. Wealth was marginally significant, but the other household variables were
not. Compared to children whose mothers had at least some education, those whose mothers had no formal
education had lower weight-for-height z-scores by an average of 0.13 standard deviations. Children of Muslim
mothers had an average weight-for-height z-score 0.29 standard deviations lower than children of other
religions (94% of whom are Christian). Z-scores decreased slightly for every additional month of age and boys
had slightly lower z-scores than girls.

States
Conflict states
Non-conflict states
Period
2008
2013
Double-Difference
States * Period = 0
States * Period = 1
Month
February

WHZ Model 1 (no covar.)
Coeff. p-value Std. Err.

WHZ Model 2 (all covar.)
Coeff. p-value Std. Err.

WHZ Model 3 (select covar.)
Coeff. p-value Std. Err.

ref
-0.370

0.001

0.110

ref
-0.481

0.000

0.107

ref
-0.473

0.000

0.105

ref
-0.371

0.000

0.091

ref
-0.273

0.049

0.138

ref
-0.265

0.056

0.138

ref
0.463

0.001

0.141

ref
0.486

0.000

0.119

ref
0.486

0.000

0.120

0.294

0.008

0.110

0.278

0.013

0.110
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March
April
May
June
July
August
September
October
Altitude (m)
Altitude
Altitude squared
Urban/Rural
Rural
Urban
Urban population
50 – 100,000
100 – 500,000
> 1 million
Not urban
Wealth
Wealthier 3 quintiles
Poorest 2 quintiles
Water source
Unimproved
Improved
Toilet type
Unimproved
Improved
No. people in household
No. people
No. people squared
No. under fives in household
No. under fives
No. under fives squared
Mother’s occupation
Other
Ag. Or not outside home
Partner’s occupation
Other
Ag. Or not outside home
Mother’s education
Some education
No formal education
Partner’s education
Some education
No formal education
Mother’s religion
Other
Muslim
Child’s age (months)
Child’s age
Child’s age squared
Child’s sex
Female
Male
Birth order
Birth order
Birth order squared
Intercept
Constant
R-squared

-0.366

0.000
0.008

0.059

0.252
0.240
0.223
0.323
0.387
0.338
0.125
0.412

0.000
0.001
0.001
0.000
0.000
0.001
0.220
0.000

0.067
0.069
0.066
0.077
0.087
0.097
0.101
0.114

0.246
0.234
0.205
0.319
0.394
0.327
0.114
0.380

0.000
0.001
0.002
0.000
0.000
0.001
0.257
0.001

0.065
0.067
0.064
0.076
0.084
0.095
0.101
0.111

-0.001
0.000

0.036
0.010

0.001
0.000

-0.001
0.000

0.027
0.007

0.000
0.000

ref
-0.094

0.745

0.288

ref
0.293
0.805
-

0.330
0.009
-

0.301
0.304
-

ref
0.259
0.721
0.103

0.401
0.020
0.724

0.308
0.309
0.290

ref
0.140

0.067

0.076

ref
0.020

0.754

0.064

ref
-0.010

0.882

0.068

0.017
-0.001

0.351
0.208

0.018
0.000

0.002
-0.003

0.981
0.770

0.079
0.010

ref
0.017

0.767

0.058

ref
-0.042

0.501

0.062

ref
-0.132

0.019

0.056

ref
-0.133

0.011

0.052

ref
-0.077

0.180

0.057

ref
-0.252

0.010

0.097

ref
-0.292

0.001

0.089

-0.018
0.000

0.003
0.000

0.006
0.000

-0.019
0.000

0.001
0.000

0.005
0.000

ref
-0.107

0.007

0.039

ref
-0.090

0.017

0.038

0.030
-0.002

0.349
0.372

0.031
0.003

-0.404

0.160
0.056

0.287

0.460
0.054

0.366
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-0.271

F-test
0.0001
0.0000
0.0000
Table 4.4: Results of linear regression for weight-for-height z-scores. Model 1 has no covariates, Model 2 includes all environmental,

household, caregiver, and child covariates, Model 3 has select covariates based on significance in Model 2.

Moderate or severe wasting
Table 4.5 shows the corrected marginal effects for the interaction term, which is the estimate of the doubledifference for the probability of moderate or severe wasting. Model 1 is without covariates, Model 2 has all
environmental, household, and child covariates, and Model 3 has select covariates based on their significance
in Model 2. The results suggest that, ceteris paribus, if children who were exposed to the Boko Haram
insurgency had not been exposed, the likelihood of moderate or severe wasting would decrease by 13
percentage points. The DD estimation from the logistic model before correction – about 87 percentage points
- is also shown. Figure 4.4 shows these results graphically, illustrating that there is some variance in the
marginal effects of the conflict on individual children, but that the overall pattern is similar. The results are
statistically significant for nearly all the individual children (mean z-statistic = -4.2).

Mod/Sev Wasting Model 1 (no covar.)
Std.
Mean
Dev.
Min
Max
Correct
Interaction term
(DD)
Std. Err.
Z-statistic
Incorrect
interaction term

-0.157

0.000

0.034

0.000

0.034

-4.573

0.000

-4.573

-0.940

-0.157

-0.157

Mod/Sev Wasting Model 2 (all covar.)
Std.
Mean
Dev.
Min
Max
-0.138

0.048

0.034

0.034

0.008

0.008

-4.573

-3.979

0.721

-5.406

-0.903

-0.224

-0.019

Mod/Sev Wasting Model 3 (select covar.)
Mean

Std. Dev.

Min

Max

-0.210

-0.026

-0.134

0.044

0.075

0.031

0.007

0.010

0.046

-1.357

-4.205

0.692

-5.262

-1.626

-0.867

Table 4.5: Corrected marginal effects for the interaction term (double-difference) for moderate or severe wasting. The uncorrected
interaction term is also shown for comparison. Model 1 has no covariates, Model 2 includes all environmental, household,
caregiver, and child covariates, Model 3 has select covariates based on significance in Model 2.
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Figure 4.4: Graphic representation of incorrect and corrected marginal effects for the interaction term (double-difference) for
moderate or severe wasting, Model 3 with select covariates. Left panel is the interaction effect and right panel is z-statistics for
individual children.

The covariates for the logistic regression model are shown in Table 4.6, expressed as odds ratios. Overall, the
effect of month of interview is more protective in the dry months (February decreased odds of 43%) than in
the wetter months (August decreased odds of 34%). Higher altitude increases the odds slightly. Living in
Maiduguri decreased the odds of moderate or severe wasting by 63% compared to living elsewhere. Both the
mother’s and her partner’s education are significant in the final model with no formal education increasing the
odds of moderate or severe wasting by 22%. If the mother is Muslim, the odds increase by 34%. The age and
sex of the child is not significant for this outcome.

Mod/Sev Wasting Model 1
(no covar.)
pStd.
OR
value
Err.

Mod/Sev Wasting Model 2
(all covar.)
OR

p-value

Std. Err.

Mod/Sev Wasting Model 3
(select covar.)
OR

p-value

Std. Err.

States
Conflict states
Non-conflict states

ref
1.760

0.000

0.233

ref
1.930

0.000

0.289

ref
1.890

0.000

0.258

2008
2013

ref
1.380

0.023

0.194

ref
1.734

0.004

0.329

ref
1.640

0.007

0.298

0.586
0.547
0.657
0.636
0.640
0.614
0.665

0.002
0.000
0.001
0.000
0.000
0.000
0.022

0.101
0.057
0.081
0.067
0.079
0.077
0.118

0.571
0.548
0.659
0.644
0.626
0.606
0.661

0.001
0.000
0.000
0.000
0.000
0.000
0.009

0.099
0.053
0.075
0.065
0.071
0.071
0.104

Period

Month
February
March
April
May
June
July
August
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September
October
Altitude (m)
Altitude
Altitude squared
Urban/Rural
Rural
Urban
Urban population
50 - 100,000
100 - 500,000
> 1 million
Not urban
Wealth
Wealthier 3 quintiles
Poorest 2 quintiles
Water source
Unimproved
Improved
Toilet type
Unimproved
Improved
No. people in household
No. people
No. people squared
No. under fives in household
No. under fives
No. under fives
squared
Mother's occupation
Other
Ag. or not outside
home
Partner's occupation
Other
Ag. or not outside
home
Mother's education
Some education
No formal education
Partner's education
Some education
No formal education
Mother's religion
Other
Muslim
Child's age (months)
Child's age
Child's age squared
Child's sex
Female
Male
Birth order
Birth order
Birth order squared
Intercep
t
Constant

0.970
0.759

0.827
0.085

0.136
0.121

0.980
0.753

0.877
0.058

0.129
0.112

1.003
1.000

0.003
0.003

0.001
0.000

1.003
1.000

0.002
0.002

0.001
0.000

ref
1.185

0.471

0.278

1.000
0.708
0.360
1.000

(omitted)
0.173
0.001
(omitted)

0.179
0.109

1.000
0.701
0.365
0.847

(omitted)
0.145
0.000
0.427

0.170
0.099
0.177

ref
0.969

0.767

0.104

ref
1.050

0.553

0.087

ref
1.008

0.925

0.090

0.980
1.000

0.424
0.690

0.024
0.001

1.032

0.792

0.123

0.998

0.918

0.017

0.463

0.087

1.043

0.612

0.086

ref
1.262

0.017

0.123

ref
1.221

0.031

0.113

ref
1.235

0.007

0.096

ref
1.229

0.007

0.093

ref
1.320

0.079

0.208

ref
1.342

0.041

0.193

1.001
1.000

0.853
0.073

0.008
0.000

ref
1.128

0.047

0.068

ref
1.089

0.140

0.063

0.938
1.006

0.141
0.078

0.041
0.004

0.140

0.000

0.064

0.128

0.000

0.052

ref
1.062
ref

0.214

0.000

0.019

Table 4.6: Odds ratios (OR), p-values, and standard errors for covariates of logistic regression for moderate or severe wasting.
Model 1 has no covariates, Model 2 includes all environmental, household, caregiver, and child covariates, Model 3 has select
covariates based on significance in Model 2.
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Weight-for-age z-scores
The results of the linear regression for weight-for-height z-scores are shown in Table 4.7. Model 1 is without
covariates and Model 2 has all environmental, household, and child covariates. Model 3 has select covariates
based on their significance in Model 2. As expected from the common trends analysis, the double-difference
coefficient (0.02) is not statistically significant in the final model (p-value 0.9).

States
Conflict states
Non-conflict states
Period
2008
2013
Double-Difference
States * Period = 0
States * Period = 1
Month
February
March
April
May
June
July
August
September
October
Altitude (m)
Altitude
Altitude squared
Urban/Rural
Rural
Urban
Urban population
50 - 100,000
100 - 500,000
> 1 million
Not urban
Wealth
Wealthier 3 quintiles
Poorest 2 quintiles
Water source
Unimproved
Improved
Toilet type
Unimproved
Improved
No. people in household
No. people
No. people squared
No. under fives in household

WAZ Model 1 (no covar.)
Coeff. p-value Std. Err.

WAZ Model 2 (all covar.)
Coeff. p-value Std. Err.

WAZ Model 3 (select covar.)
Coeff. p-value Std. Err.

-0.020

0.524

0.031

ref
-0.342

0.000

0.083

ref
-0.338

0.000

0.079

0.094

0.017

0.039

ref
0.233

0.077

0.131

ref
0.234

0.073

0.130

-0.165

0.002

0.052

ref
0.020

0.852

0.106

ref
0.016

0.878

0.106

0.230
0.130
0.119
0.143
0.269
0.215
0.260
0.185
0.390

0.021
0.024
0.043
0.013
0.000
0.002
0.000
0.004
0.000

0.099
0.057
0.058
0.058
0.059
0.067
0.066
0.064
0.102

0.220
0.110
0.107
0.125
0.246
0.196
0.234
0.162
0.360

0.030
0.058
0.067
0.031
0.000
0.003
0.000
0.012
0.000

0.101
0.058
0.058
0.058
0.057
0.065
0.063
0.064
0.097

-0.001
0.000

0.033
0.026

0.000
0.000

-0.001
0.000

0.012
0.008

0.000
0.000

ref
-0.539

0.023

0.235

ref
0.593
1.029
-

0.015
0.000
-

0.243
0.246
-

ref
0.557
0.953
0.463

0.025
0.000
0.053

0.247
0.251
0.238

ref
-0.140

0.057

0.074

ref
-0.162

0.023

0.071

ref
0.075

0.185

0.056

ref
0.036

0.468

0.049

-0.017
0.000

0.228
0.300

0.014
0.000
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No. under fives
No. under fives squared
Mother's occupation
Other
Ag. or not outside home
Partner's occupation
Other
Ag. or not outside home
Mother's education
Some education
No formal education
Partner's education
Some education
No formal education
Mother's religion
Other
Muslim
Child's age (months)
Child's age
Child's age squared
Child's sex
Female
Male
Birth order
Birth order
Birth order squared
Intercept
Constant
R-squared

-1.343

0.000
0.002

0.022

0.066
-0.010

0.164
0.105

0.047
0.006

ref
0.000

0.999

0.044

ref
0.007

0.893

0.051

ref
-0.140

0.007

0.052

ref
-0.031

0.487

0.045

ref
-0.273

0.001

-0.069
0.001

ref
-0.173

0.000

0.047

0.083

ref
-0.259

0.001

0.078

0.000
0.000

0.005
0.000

-0.069
0.001

0.000
0.000

0.005
0.000

ref
-0.134

0.000

0.035

ref
-0.126

0.000

0.033

0.013
-0.001

0.556
0.688

0.023
0.002

-0.168

0.454
0.107

0.224

0.093
0.105

0.294

-0.495

Table 4.7: Results of linear regression for weight-for-age z-scores. Model 1 has no covariates, Model 2 includes all environmental,
household, caregiver, and child covariates, Model 3 has select covariates based on significance in Model 2.

Moderate or severe underweight
Table 4.8 shows the corrected marginal effects for the interaction term, which is the estimate of the doubledifference for the probability of moderate or severe underweight. Model 1 is without covariates, Model 2 has
all environmental, household, and child covariates, and Model 3 has select covariates based on their
significance in Model 2. Also as expected from the common trends analysis, the double-difference estimate of
-0.03 is not statistically significant for any individual child (mean z-statistic range -1.8 to -0.3). Figure 4.5
shows these results graphically, and the odds ratios for the covariates are shown in Table 4.9.

Mod/Sev Underweight Model 1
(no covar.)
Mean

Std. Dev.

Correct Interaction
term (DD)

0.000

Std. Err.
Z-statistic

Mod/Sev Underweight Model 2
(all covar.)

Min

Max

Mean

Std. Dev.

0.000

0.000

0.000

-0.038

0.038

0.000

0.038

0.038

-0.001

0.000

-0.001

-0.001

Mod/Sev Underweight Model 3
(select covar.)

Min

Max

Mean

Std. Dev.

0.006

-0.044

-0.007

-0.034

0.032

0.006

0.005

0.039

-1.242

0.267

-1.914

-0.426
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Min

Max

0.006

-0.040

-0.007

0.031

0.007

0.004

0.038

-1.118

0.285

-1.768

-0.347

Incorrect
interaction term

0.016

-0.129

-0.104

Table 4.8: Corrected marginal effects for the interaction term (double-difference) for moderate or severe underweight. The
uncorrected interaction term is also shown for comparison. Model 1 has no covariates, Model 2 includes all environmental,
household, caregiver, and child covariates, Model 3 has select covariates based on significance in Model 2.

Figure 4.5: Graphic representation of incorrect and corrected marginal effects for the interaction term (double-difference) for
moderate or severe underweight, Model 3 with select covariates. Left panel is the interaction effect and right panel is z-statistics for
individual children.
Mod/Sev Underweight Model
(no covar.)
OR
p-value
Std. Err.

Mod/Sev Underweight Model 2
(all covar.)
OR
p-value
Std. Err.

Mod/Sev Underweight Model 3
(select covar.)
OR
p-value
Std. Err.

States
Conflict states
Non-conflict states

ref
1.284

0.029

0.146

ref
1.588

0.000

0.190

ref
1.590

0.000

0.182

ref
0.827

0.115

0.099

ref
0.625

0.018

0.123

ref
0.622

0.016

0.122

0.678
0.707
0.784
0.787
0.574
0.624
0.605
0.661
0.486

0.016
0.000
0.002
0.008
0.000
0.000
0.000
0.000
0.000

0.109
0.059
0.061
0.070
0.065
0.062
0.064
0.067
0.084

0.675
0.714
0.782
0.787
0.570
0.630
0.609
0.670
0.487

0.014
0.000
0.002
0.009
0.000
0.000
0.000
0.000
0.000

0.108
0.061
0.062
0.071
0.062
0.058
0.058
0.071
0.078

1.001
1.000

0.033
0.025

0.001
0.000

1.001
1.000

0.030
0.018

0.001
0.000

ref
1.481

0.148

0.401

0.064
0.000

(omitted)
0.169
0.089
(omitted)

0.000
0.573
0.320
0.740

0.055
0.000
0.259

(omitted)
0.166
0.088
0.266

Period
2008
2013
Month
February
March
April
May
June
July
August
September
October
Altitude (m)
Altitude
Altitude squared
Urban/Rural
Rural
Urban
Urban population
50 - 100,000
100 - 500,000
> 1 million
Not urban

1.000
0.582
0.311
1.000

114

Wealth
Wealthier 3 quintiles
Poorest 2 quintiles
Water source
Unimproved
Improved
Toilet type
Unimproved
Improved
No. people in household
No. people
No. people squared
No. under fives in household
No. under fives
No. under fives squared
Mother's occupation
Other
Ag. or not outside home
Partner's occupation
Other
Ag. or not outside home
Mother's education
Some education
No formal education
Partner's education
Some education
No formal education
Mother's religion
Other
Muslim
Child's age (months)
Child's age
Child's age squared
Child's sex
Female
Male
Birth order
Birth order
Birth order squared
Intercept
Constant

0.473

0.000

0.033

ref
1.127

0.310

0.132

ref
0.923

0.360

0.081

ref
1.003

0.967

0.071

1.034
0.999

0.149
0.509

0.024
0.001

0.810
1.024

0.006
0.015

0.061
0.010

ref
0.943

0.371

0.062

ref
1.042

0.554

0.072

ref
1.346

0.001

0.114

ref
1.070

0.291

0.068

ref
1.310

0.021

1.085
0.999

0.856
1.022

0.024
0.019

0.059
0.009

ref
1.474

0.000

0.106

0.153

ref
1.281

0.024

0.140

0.000
0.000

0.008
0.000

1.086
0.999

0.000
0.000

0.007
0.000

ref
1.183

0.002

0.063

ref
1.166

0.004

0.061

0.978
1.001

0.523
0.768

0.035
0.003

0.187

0.000

0.061

0.264

0.000

0.094

Table 4.9: Odds ratios (OR) for covariates of logistic regression for moderate or severe underweight. Model 1 has no covariates,
Model 2 includes all environmental, household, caregiver, and child covariates, Model 3 has select covariates based on significance
in Model 2.

Diarrhea prevalence
Table 4.10 shows the corrected marginal effects for the interaction term, which is the estimate of the doubledifference for the probability of diarrhea. Model 1 is without covariates, Model 2 has all environmental,
household, and child covariates, and Model 3 has select covariates based on their significance in Model 2. The
results suggest that, ceteris paribus, if children who were exposed to the Boko Haram insurgency had not been
exposed, the likelihood of diarrhea would decrease by 8 percentage points. The DD estimation from the
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logistic model before correction – about 44 percentage points - is also shown. Figure 4.6 shows these results
graphically, illustrating that there is some variance in the marginal effects of the conflict on individual children,
but that the overall pattern is similar. The results are statistically significant for all the individual children
(mean z-statistic = -3.3; max z-statistic -2.0).

Diarrhea Model 1
(no covar.)
Min

Max

Mean

Std. Dev.

0.000

-0.045

-0.045

-0.081

0.028

0.000

0.028

0.028

Z-statistic

-1.617

0.000

-1.617

-1.617

Incorrect
interaction term

-0.272

Correct Interaction
term (DD)
Std. Err.

Mean

Std. Dev.

-0.045

Diarrhea Model 2
(all covar.)

Diarrhea Model 3
(select covar.)

Min

Max

Mean

Std. Dev.

0.027

-0.113

-0.005

-0.082

0.026

0.009

0.002

0.043

-3.185

0.257

-3.826

-1.847

-0.443

Min

Max

0.027

-0.112

-0.005

0.025

0.009

0.002

0.041

-3.332

0.284

-3.947

-1.995

-0.435

Table 4.10: Corrected marginal effects for the interaction term (double-difference) for diarrhea prevalence. The uncorrected
interaction term is also shown for comparison. Model 1 has no covariates, Model 2 includes all environmental, household,
caregiver, and child covariates, Model 3 has select covariates based on significance in Model 2.

Figure 4.6: Graphic representation of incorrect and corrected marginal effects for the interaction term (double-difference) for
diarrhea prevalence, Model 3 with select covariates. Left panel is the interaction effect and right panel is z-statistics for individual
children.

The odds ratios for the covariates are shown in Table 4.11. Overall, the effect of month of interview is more
protective in the months with generally higher rainfall (October decreased odds of 57%) than in the drier
months (August decreased odds of 3%). Altitude was not significant in the final model. Compared to children
in households in the wealthier three quintiles, children in households in the poorer two quintiles had
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increased odds of 38%. Improved water sources decreased odds by 12%, while toilet type was not significant.
Here, both the mother’s and her partner’s occupation are significant, decreasing the odds of diarrhea by 23%
and 17%, respectively, but their educational attainment is not significant in this model. Similar to wasting, if
the mother is Muslim, the odds of diarrhea increase by 31%. Age is significant for diarrhea, with 5% increasing
risk for every additional month. Boys had about 11% higher odds of diarrhea than girls.

Diarrhea Model 1
(no covar.)
OR
p-value Std. Err.

Diarrhea Model 2
(all covar.)
OR
p-value
Std. Err.

Diarrhea Model 3
(select covar.)
OR
p-value Std. Err.

States
Conflict states
Non-conflict states

ref
1.496

0.000

0.161

ref
1.775

0.000

0.184

ref
1.818

0.000

0.184

ref
1.169

0.263

0.163

ref
0.693

0.084

0.147

ref
0.670

0.056

0.140

February
March
April
May
June
July
August
September
October

0.945
0.850
0.764
0.837
0.691
0.622
0.495
0.439
0.428

0.593
0.119
0.012
0.080
0.000
0.000
0.000
0.000
0.000

0.101
0.088
0.081
0.085
0.065
0.059
0.045
0.048
0.073

0.974
0.879
0.784
0.863
0.702
0.635
0.498
0.449
0.430

0.798
0.223
0.018
0.133
0.000
0.000
0.000
0.000
0.000

0.101
0.093
0.080
0.084
0.062
0.058
0.047
0.048
0.070

Altitude
Altitude squared
Urban/Rural
Rural
Urban
Urban population
50 - 100,000
100 - 500,000
> 1 million
Not urban
Wealth
Wealthier 3 quintiles
Poorest 2 quintiles
Water source
Unimproved
Improved
Toilet type
Unimproved
Improved
No. people in household
No. people
No. people squared
No. under fives in household
No. under fives
No. under fives squared
Mother's occupation
Other

0.999
1.000

0.056
0.060

0.001
0.000

0.999
1.000

0.088
0.084

0.001
0.000

ref
0.844

0.306

0.140

0.505
0.972

(omitted)
0.246
0.275
(omitted)

ref
1.425

0.000

0.131

ref
1.381

0.001

0.131

ref
0.871

0.083

0.069

ref
0.878

0.098

0.069

ref
0.952

0.526

0.074

1.019
1.000

0.412
0.978

0.023
0.001

0.901
1.014

0.251
0.277

0.082
0.013

Period
2008
2013
Month

Altitude (m)

1.000
1.153
1.010
1.000

ref
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ref

Ag. or not outside home
Partner's occupation
Other
Ag. or not outside home
Mother's education
Some education
No formal education
Partner's education
Some education
No formal education
Mother's religion
Other
Muslim
Child's age (months)
Child's age
Child's age squared
Child's sex
Female
Male
Birth order
Birth order
Birth order squared
Intercept
Constant

0.218

0.000

0.019

0.788

0.001

0.055

0.772

0.000

0.052

ref
0.811

0.010

0.065

ref
0.830

0.022

0.067

ref
0.914

0.285

0.077

ref
0.906

0.188

0.068

ref
1.401

0.001

0.147

1.315

0.008

0.135

1.049
0.999

0.000
0.000

0.007
0.000

1.049
0.999

0.000
0.000

0.007
0.000

ref
1.116

0.020

0.052

ref
1.110

0.032

0.054

1.045
0.999

0.251
0.732

0.040
0.003

0.459

0.023

0.156

0.465

0.007

0.132

Table 4.11: Odds ratios (OR) for covariates of logistic regression for diarrhea prevalence. Model 1 has no covariates, Model 2
includes all environmental, household, caregiver, and child covariates, Model 3 has select covariates based on significance in Model
2.

4.4 Discussion
This study finds significant double-difference estimates for average weight-for-height z-scores, prevalence of
moderate or severe wasting, and prevalence of diarrhea. In a counterfactual scenario where children exposed
to the Boko Haram conflict had not been exposed, the estimates indicate there would have been improved
health outcomes for these measures. Because of potential unidentified confounding, this research cannot
conclude that the conflict caused negative health outcomes; however, it does demonstrate that the children
exposed to the conflict had a different and detrimental experience compared to children not exposed to the
conflict.

Non-significant double-difference estimates were found for average weight-for-age z-scores and prevalence of
moderate or severe underweight. Double-difference analysis was found to not be appropriate for these data
for height-for-age or moderate or severe stunting.
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This research suggests that if children who were affected by the Boko Haram insurgency in Northeast Nigeria
had not experienced the conflict, they would have weight-for-height z-scores an estimated 0.49 standard
deviations higher than they are. This would be a significant improvement; in 2013, the average weight-forheight z-score in the Northeast was -0.69 (SD 1.62) and in the conflict states it was -0.74 (SD 1.8). For children
already in the range of normal weight-for-height (generally -1 to +2 standard deviations from the reference
population), this would not be a large difference. However for marginally wasted children (-1 to -2 SD) and
especially vulnerable children below -2 standard deviations, this increase would mean better short-term
health, increased resistance to other illnesses, and reduced risk of mortality. It should be noted that increased
z-scores are generally a positive sign in the developing world; however, overweight and obesity is a growing
concern.53 In this area, about 7% of children are classified as high range weight-for height (+2 SD or more).

The weight-for-height models have several significant coefficients, but low r-squared terms, which indicate
that the data have high variability but that the explanatory covariables still provide information about the
outcome. Thus, while these models have little predictive precision, the objective of the analysis – to
determine whether there are before-after effects due to conflict – is accomplished.

This analysis also estimates with a high degree of significance that the prevalence of moderate or severe
wasting would have been 13 percentage points lower in the absence of conflict in Northeast Nigeria. This too
would be an important difference, bringing the proportion down from 23% to 10%, where the average
proportion for all of West Africa is 9%.54,55 This would reduce the proportion of children at risk of dying from
malnutrition and co-morbidities and would help ensure a healthier and more productive adult population in
the future.
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In terms of international guidelines, the absence of conflict in Northeast Nigeria would move the nutritional
crisis there from “serious” to “poor” for average z-scores and from “critical” to “serious” for prevalence of
moderate or severe wasting (see Table 4.12).

Severity of
Mean weight-for-height Prevalence of moderate
Nutritional Crisis
z-score
or severe wasting
Acceptable
> -0.40
< 5%
Poor
-0.40 to -0.69
5 – 9%
Serious
-0.70 to -0.99
10 – 14%
Critical
≤ -1.00
 15%
54
Table 4.12: Nutritional crisis classifications. Adapted from the World health Organization (2000).

The counterfactual scenario also holds true for diarrhea prevalence: if children who were affected by the Boko
Haram insurgency in Northeast Nigeria had not experienced the conflict, their prevalence of diarrhea would
have been 8 percentage points lower than it is. This would have brought the prevalence down from the
current 20% in the conflict states to 12%, close to the national average of 10%. 25 This decrease would mean
that children were not suffering from diarrheal episodes as often, but also that their gastrointestinal and
immune systems were not being compromised, perhaps leading to fewer infections and better growth and
development.

The reasons for how the conflict affected child nutrition and illness is not fully known, but news reports from
around the time of the 2013 survey give some sense of the atmosphere in the conflict areas. There are
reports of indiscriminate executions of ordinary people, suicide attacks killing scores of people in buses, the
kidnapping of local and foreign civilians, the burning down of towns, and attacks on schools resulting in the
deaths of students and teachers.56 Men were fleeing forced conscription by Boko Haram and civilian groups
formed to fight the insurgents.56 There were several prison breaks at this time as police stations and military
patrols were bombed and Boko Haram commanders were killed.56 After the state of emergency was declared,
telephone service were shut down in Borno and Yobe.56
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Reports from the Famine Early Warning Systems Network illustrate growing food insecurity during this time.57
In March 2013, Yobe, Borno, Adamawa, and Taraba (a non-conflict state) were considered “stressed” due to
population displacement and below average harvest yields.57 Security measures such as checkpoints reduced
population movements and increased transportation costs.57 Traders and their customers were concerned
about their safety in markets, which reduced food stocks and overall market functioning. 57 By the time the
state of emergency was declared in May, Yobe and Borno states were elevated to “crisis” stage, as poor
households faced depleted food stocks and acute food insecurity.57

From the perspective of 2016, this was the start of a worsening humanitarian crisis which is marked by fear,
displacement, families split apart, disrupted services such as health care, schools, and maintenance of
infrastructure, and limited access by local and international humanitarian assistance organizations, especially
to more remote areas.26 This led to a malnutrition crisis, which was already identified in February 2012 as
food insecurity increased and childhood illnesses exacerbated by malnutrition went untreated in many
cases.26 Without these effects, children would have had more stability, improved nutrition, and better health.

In double-difference analysis, covariates are included to improve the models, but their coefficients are
secondary in importance to the double-difference coefficient. However, the significant covariates in the
regression models - month of interview, altitude, urban population, wealth, water source, occupation,
education, religion, and age and sex of the child - also offer insight into what factors contributed to child
health in this setting. For weight-for-height z-scores and diarrhea prevalence, the rainy season was more
favorable, while for likelihood of moderate or severe wasting, the dry season was more favorable. This could
be due to different seasonal dynamics affecting the whole child population as opposed to the most vulnerable.
A healthy child may gain weight if food security improves in the rainy season from a household garden, for
example. But a child who is already marginally wasted from recent illness may lose weight by the end of the
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rainy season if last year’s stores are low and this year’s harvest is not yet in (often referred to as “the lean
season”). This is consistent with findings that mortality often peaks at the end of the rainy season. 58
Additionally, diarrhea prevalence may decrease with moderate rainfall if water sources are plentiful and there
is enough recharge to dilute pathogens. Increased altitude is consistent with poorer outcomes in both the
linear and logistic regression models, perhaps reflecting better year-round food security in the lowest
elevation areas where people fish in the Benue River as opposed to the less densely populated highlands
where people rely on corn, sorghum and cash crops like cotton. 59 Urban/rural classification was not
significant, but living in the largest city, Maiduguri, was protective for weight-for-height and moderate/severe
wasting. This speaks to the dual role of Maiduguri as the stronghold of Boko Haram, but also as a place
relatively conducive to child health. Sub-Saharan Africa has instances of both “urban advantage” and “urban
disadvantage” – at least for this city and for weight-for-height, Maiduguri seems to fall in the former
category.60

Most of the household variables were not significant in these analyses. In addition to the environmental
variables, what seems to be more important are the characteristics of the mother and her partner (likely often
the child’s father). If the mother had some education, her children have significantly better weight-for-height
and moderate/severe wasting outcomes, consistent with other studies.2 In this population, among mothers
with some education, the majority (56%) have only at least some primary schooling, which suggests even
minimal education can make a difference in child health outcomes. For moderate/severe wasting, the
partner’s education also contributed to positive outcomes. This is a less studied field, but reflects the
contribution of the partner whether directly or not, even after controlling for the mother’s own education, on
a child’s health.61 For diarrhea, household wealth, both the mother and her partner’s occupation, and water
source were significant, indicating that children in poor, agriculture-dependent households that do not have
reliable access to clean water are vulnerable to this disease. Having a Muslim mother lowered the average
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weight-for-height z-scores and increased the likelihood of moderate or severe wasting and diarrhea, indicating
that although they are the majority population, children in Muslim families do not fare better than their
Christian counterparts.

Age of the child is significant for weight-for-height z-scores (slightly decreasing average z-scores for an
increase of one month in age) and diarrhea prevalence (slightly increasing odds with age). This could indicate
that children are more vulnerable to food insecurity as they are weaned, and that overall, increasing exposure
to pathogens as they become more independent makes them vulnerable to infection. Boys had slightly lower
weight-for-height z-scores than girls and higher odds of diarrhea.

An important aspect of this study was to use common trends analysis to determine which outcomes would
provide valid results with DD analysis. Height-for-age and stunting were deemed inappropriate for DD analysis
as their diverging trends before the start of the insurgency means that there were other unobserved dynamics
driving this outcome over time, independent of the conflict. For the purposes of completeness, the results are
shown in the Appendix. As seen in the Appendix Table 4.1, the double-difference height-for-age z-score
estimation is -0.60 and statistically significant, meaning children affected by conflict would have had lower zscores if there had been no conflict. Similarly, the double-difference estimate for moderate or severe stunting
is positive (there would have been 8 percentage points more stunting in the absence of conflict) and
significant (Appendix Table 4.2, Appendix Figure 4.1, and Appendix Table 4.3).

In addition to common trends, an assumption of DD analysis is that the intervention is not related to the
outcome at the baseline period; i.e., the conflict was not driven by especially poor child health outcomes.
While poverty is certainly a driving factor in the rise of Boko Haram, the conflict states are more prosperous
than the non-conflict states as seen in the descriptive statistics (Table 4.2), so this assumption is largely met.19
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These findings support the original hypotheses regarding for weight-for-height, wasting, and diarrhea; that if
children exposed to conflict had not been exposed, there would be significant improvements in terms of both
z-scores and proportion with moderate/severe wasting or diarrhea. As hypothesized, findings were limited for
weight-for-age/underweight and height-for-age/stunting. The trends before the crisis were not improving
overall as hypothesized, likely because there were limited time periods.

There are several limitations associated with this study. Most importantly is that there is likely unidentified
confounding where certain factors influence both conflict and health outcomes. Thus the associations
between conflict and malnutrition/diarrhea found here should not be interpreted as causality. Another
limitation is that Boko Haram is not the only cause of violence in the Northeast and there could be other
unobserved dynamics that affect the results, for example what is referred to as inter-communal violence
largely along religious affiliations.18 This leads to the difficulties of finding an appropriate comparison group.
Using the six states within the Northeast zone was chosen because this better preserved the sampling method
of the surveys and the timing of the interviews is narrower. However, a future study could test the robustness
of the results by using an alternative comparison group such as states in the Northwest.25 There were
limitations with the common trends analysis because were only two previous surveys; additional timepoints
may have shown clearer trends, especially for stunting. The timing and content of the 2013 survey was both
fortuitous and doubtless with its challenges. Interviewers were capturing real-time events in their data that
likely reflect acute changes in child health, but they were perhaps impeded or rushed in some areas which
may bias results. Although the number of weighted observations in 2013 is less than in 2008 (Table 4.3), the
percent of missing observations is actually less in 2013. Still, it is unknown whether the missing data for
malnutrition biased the results. A specific point about the 2013 survey is that the displacement or migration
history of households is not known. It is equally possible that those with means or that the most vulnerable
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left the Northeast or moved to Maiduguri, making the direction of any bias difficult to determine. 62 Also, DHS
does not measure nutritional edema, which may lead to an underestimate of wasting and underweight (for
example, among the 7% of children who are classified as high range weight-for-height).63

4.5 Conclusion
This study used double-difference (DD) methodology to estimate the effect of the Boko Haram insurgency in
Northeast Nigeria on child malnutrition and diarrhea. The differences in outcomes among two groups – those
in conflict and non-conflict areas and in two periods – before and after the start of the conflict – were
compared using household survey data from the Demographic and Health Surveys. Visualization of common
trends from 1990 through 2013 showed that weight-for-height/wasting, weight-for-age/underweight, and
diarrhea prevalence outcomes were plausibly linked to the insurgency while height-for-age/stunting outcomes
were not. Linear regression – the more typical model for DD analysis – using weight-for-height z-scores
showed that in the counterfactual scenario where children affected by conflict were not affected by conflict,
average z-scores would be 0.49 standard deviations higher. A logistic model to estimate the likelihood of
moderate or severe wasting also finds improved results in the counterfactual scenario – a reduction by 13
percentage points of children in this high-risk category. Likewise, a logistic model to estimate the prevalence
of diarrhea finds that in the absence of conflict, there would have been a reduction of 8 percentage points.
These results bring child health outcomes closer to the national and sub-regional averages. The DD estimates
were statistically significant without covariates, but their inclusion improves the model and shows the relative
influence of factors such as the age and sex of the child, the education, occupation and religion of the mother,
living in a major city, seasonality, and altitude on child health outcomes.

The counterfactual scenario for this study – a child growing up in a generally poor, but peaceful environment –
can be based on what is already known about these situations. Children in poor countries and poor areas of
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the world already face enormous risks. When conflict erupts, an already fragile existence can be made even
more unstable. Malnutrition and diarrheal disease are complex conditions which can be brought on or
exacerbated in many ways related to conflict from increased food insecurity if crops are burned, food prices
rise, or caregivers are abducted or conscripted, to a case of dysentery going untreated because health care
facilities have shut down, there are no proper medications, or the family must put their dwindling resources
elsewhere. Thus, this research does not purport that conflict is the only challenge for young children in the
developing world, but it illustrates quantitatively that exposing them to armed conflict increases the risk of
morbidity and potentially, mortality. Causal linkages between conflict and malnutrition/diarrhea should be
viewed with caution due to likely unidentified confounding, but further research is merited to help safeguard
the health of children in extreme circumstances.

The prevention and treatment of illness and injury in children is a fundamental responsibility for those
engaged in humanitarian activities, whether they are government entities, insurgents, or local and
international aid agencies.64 The results of this study underscore the importance of maternal and child health
interventions to reduce morbidity and excess mortality in conflict zones. Each situation is unique and care
must be taken to avoid inadvertently causing harm (for example, if providing food makes people targets of
violent attacks), but activities that address malnutrition and diarrheal disease generally include:
 Prioritizing pregnant and breastfeeding women for interventions aimed at providing food, cash or voucher
transfers, or other types of nutritional support.
 Providing pregnant and breastfeeding women with micronutrient supplementation such as folic acid and
iron.
 Encouraging the early initiation of exclusive breastfeeding, exclusive breastfeeding for 6 months, continued
breastfeeding for 24 months or beyond, and the introduction of adequate and safe complementary food at
6 months.
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 Ensuring nutritional and health support for especially vulnerable children such as orphans.
 Managing moderate malnutrition, often with supplementary food rations.
 Managing severe malnutrition with the treatment of co-morbidities as necessary.
 Controlling communicable diseases such as diarrhea (with oral rehydration therapy, zinc), acute respiratory
infections, and vaccine-preventable diseases including measles.
 Providing safe water, appropriate sanitation facilities, adequate shelter, cooking utensils, soap for
handwashing, etc.
 Addressing long-term issues of food insecurity (such as by supporting primary food production),
unemployment, poverty, and weak governance.64

4.6 Appendix
This Appendix contains the results of analyses conducted for height-for-age and moderate/severe stunting. As
mentioned in the Discussion section, the results are statistically significant, but not valid in this analysis as the
trend cannot be attributed to the Boko Haram conflict.

States
Conflict states
Non-conflict states
Period
2008
2013
Double-Difference
States * Period = 0
States * Period = 1
Month
February
March
April
May
June
July
August
September
October
Altitude (m)
Altitude

HAZ Model 1
(no covar.)
Coeff. p-value Std. Err.

HAZ Model 2
(all covar.)
Coeff. p-value Std. Err.

HAZ Model 3
(select covar.)
Coeff. p-value Std. Err.

ref
0.045

0.688

0.113

ref
-0.040

0.734

0.119

ref
0.009

0.936

0.111

ref
0.653

0.000

0.144

ref
0.747

0.002

0.242

ref
0.626

0.000

0.148

ref
-0.693

0.000

0.172

ref
-0.537

0.001

0.166

ref
-0.604

0.001

0.174

0.052
-0.087
-0.077
-0.004
0.089
-0.081
0.060
0.180
0.201

0.652
0.381
0.416
0.965
0.373
0.361
0.592
0.108
0.138

0.114
0.099
0.094
0.098
0.100
0.088
0.112
0.111
0.135

0.000

0.908

0.001
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Altitude squared
Urban/Rural
Rural
Urban
Urban population
50 - 100,000
100 - 500,000
> 1 million
Not urban
Wealth
Wealthier 3 quintiles
Poorest 2 quintiles
Water source
Unimproved
Improved
Toilet type
Unimproved
Improved
No. people in household
No. people
No. people squared
No. under fives in household
No. under fives
No. under fives squared
Mother's occupation
Other
Ag. or not outside home
Partner's occupation
Other
Ag. or not outside home
Mother's education
Some education
No formal education
Partner's education
Some education
No formal education
Mother's religion
Other
Muslim
Child's age (months)
Child's age
Child's age squared
Child's sex
Female
Male
Birth order
Birth order
Birth order squared
Intercept
Constant
R-squared

-1.786

0.000
0.014

0.088

0.000

0.800

0.000

ref
-0.807

0.002

0.253

ref
0.676
0.830
-

0.015
0.005
-

0.275
0.293
-

ref
-0.395

0.000

0.103

ref
0.087

0.312

0.086

ref
0.059

0.492

0.086

-0.046
0.001

0.050
0.067

0.023
0.001

0.122
-0.016

0.148
0.143

0.084
0.011

ref
-0.011

0.863

0.066

ref
0.069

0.365

0.076

ref
-0.088

0.202

0.069

ref
0.039

0.556

0.066

ref
-0.159

0.134

0.106

-0.122
0.002

0.000
0.000

ref
-0.204

ref
-0.397

0.000

0.081

-0.046
0.002

0.015
0.046

0.019
0.001

0.006
0.000

-0.122
0.002

0.000
0.000

0.006
0.000

0.000

0.050

ref
-0.205

0.000

0.048

-0.015
0.002

0.679
0.623

0.037
0.003

0.411

0.234
0.123

0.345

0.004
0.110

0.156

0.455

Appendix Table 4.1: Results of linear regression for height-for-age. Model 1 has no covariates, Model 2 includes all environmental,
household, caregiver, and child covariates, Model 3 has select covariates based on significance in Model 2.
Mod/Sev Stunting Model 1
(no covar.)
Mean

Std. Dev.

Correct Interaction term (DD)

0.109

Std. Err.

0.037

Mod/Sev Stunting Model 2
(all covar.)

Min

Max

Mean

Std. Dev.

0.000

0.109

0.109

0.074

0.000

0.037

0.037

0.036
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Mod/Sev Stunting Model 3
(select covar.)

Min

Max

Mean

Std. Dev.

Min

Max

0.013

0.014

0.084

0.084

0.012

0.029

0.092

0.004

0.010

0.041

0.036

0.004

0.015

0.039

Z-statistic

2.953

Incorrect interaction term

0.449

0.000

2.953

2.953

2.058

0.215

1.225

0.335

2.399

2.337

0.116

1.537

2.505

0.370

Appendix Table 4.2: Corrected marginal effects for the interaction term (double-difference) for moderate or severe stunting. The
uncorrected interaction term is also shown for comparison. Model 1 has no covariates, Model 2 includes all environmental,
household, caregiver, and child covariates, Model 3 has select covariates based on significance in Model 2.

Appendix Figure 4.1: Graphic representation of incorrect and corrected marginal effects for the interaction term (doubledifference) for moderate or severe stunting, Model 3 with select covariates. Left panel is the interaction effect and right panel is zstatistics for individual children.

States
Conflict states
Non-conflict states
Period
2008
2013
Month
February
March
April
May
June
July
August
September
October
Altitude (m)
Altitude
Altitude squared
Urban/Rural
Rural
Urban
Urban population
50 - 100,000
100 - 500,000
> 1 million
Not urban

Mod/Sev Stunting Model 1
(no covar.)
OR
p-value Std. Err.

Mod/Sev Stunting Model 2
(all covar.)
OR
p-value
Std. Err.

Mod/Sev Stunting Model 3
(select covar.)
OR
p-value
Std. Err.

ref
1.007

0.949

0.104

ref
1.120

0.318

0.127

ref
1.034

0.767

0.117

0.606

0.000

0.068

ref
0.628

0.013

0.117

ref
0.622

0.000

0.072

0.766
0.871
0.905
0.867
0.806
0.974
0.882
0.745
0.776

0.020
0.155
0.269
0.159
0.028
0.755
0.184
0.003
0.037

0.087
0.084
0.081
0.087
0.079
0.083
0.083
0.074
0.094

1.000
1.000

0.690
0.903

0.001
0.000

ref
1.678

0.012

0.345

ref
1.351

0.260

0.359

0.150
0.002

(omitted)
0.163
0.114
(omitted)

1.000
0.843
0.579
1.000

0.555
0.067

(omitted)
0.243
0.172
(omitted)

1.000
0.722
0.471
1.000
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Wealth
Wealthier 3 quintiles
Poorest 2 quintiles
Water source
Unimproved
Improved
Toilet type
Unimproved
Improved
No. people in household
No. people
No. people squared
No. under fives in household
No. under fives
No. under fives squared
Mother's occupation
Other
Ag. or not outside home
Partner's occupation
Other
Ag. or not outside home
Mother's education
Some education
No formal education
Partner's education
Some education
No formal education
Mother's religion
Other
Muslim
Child's age (months)
Child's age
Child's age squared
Child's sex
Female
Male
Birth order
Birth order
Birth order squared
Intercept
Constant

0.948

0.480

0.071

ref
1.489

0.000

0.143

ref
1.472

0.000

0.133

ref
0.962

0.626

0.077

ref
0.974

0.718

0.070

1.038
0.999

0.077
0.073

0.022
0.001

1.036
0.999

0.030
0.067

0.017
0.001

0.900
1.015

0.167
0.154

0.068
0.011

ref
0.979

0.743

0.062

ref
1.000

0.997

0.074

ref
1.182

0.015

0.080

ref
1.295

0.000

0.081

ref
0.984

0.809

0.064

ref
1.188

0.108

0.127

1.115
0.998

0.000
0.000

0.008
0.000

1.112
0.998

0.000
0.000

0.008
0.000

ref
1.152

0.005

0.058

ref
1.160

0.003

0.057

1.034
0.997

0.332
0.249

0.036
0.003

0.133

0.000

0.044

0.120

0.000

0.020

Appendix Table 4.3: Odds ratios (OR) for covariates of logistic regression for moderate or severe stunting. Model 1 has no
covariates, Model 2 includes all environmental, household, caregiver, and child covariates, Model 3 has select covariates based on
significance in Model 2.
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Chapter 5. Conclusions
The goal of this dissertation was to contribute to our understanding of how climate and conflict impacts
diarrheal disease and malnutrition among young children. The research in Chapters 2 and 3 examined the
associations between climate and diarrheal disease across the whole study area – ten countries in West Africa
during the period 2008-2013 – using geo-spatial methodologies. The study in Chapter 4 took a closer look at
one particular area – Northeast Nigeria – to examine the effects of the on-going conflict there on childhood
diarrhea and malnutrition with a double-difference methodology.

5.1 Major findings from Chapter 2
1.

Regression analysis shows that household and climatic variables influence the odds of diarrhea in

children in West Africa.

Results from a single model with odds ratios (95% confidence intervals):
 Moderate rainfall of 0.01 to 10 mm compared to no rainfall: 0.80 (0.72-0.89)
 Heavier rainfall of greater than 40 mm compared to no rainfall: 1.20 (1.08-1.33)
 Hotter temperatures (up to 34C) compared to cooler ones (less than 25C): 1.30 (1.11-1.52)
 Poorest quintile compared to richest: 1.51 (1.34-1.69)
 Desert climate zone compared to fully humid/monsoonal: 1.57 (1.22-2.02)
 Urban areas compared to rural: 1.82 (1.53-2.16)
 Households with 22 people or more compared to households with 2-6 people: 1.89 (1.6-2.2)
 Mothers with only a primary education compared to those with post-secondary education: 2.13 (1.73-2.61)
 Children aged 12-23 months compared to children aged 24-59 months: 2.38 (2.27-2.51)
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The odds of diarrhea among children were increased and significant with increased poverty, household size,
among children whose mothers had little education, and among toddlers age 12 to 23 months. The mother’s
education and child’s age had the highest effect. This indicates the importance of resources and knowledge to
combat diarrheal disease; for example that a family knows the importance of clean water, can afford it, and
ensures the youngest members of the household are prioritized for its use. In this analysis, children in urban
areas are on average more at risk than their rural counterparts, which indicates that there is an urban
disadvantage in this part of Africa. Odds of diarrhea were increased and significant as climate zones grew
progressively drier, ceteris paribus, which speaks to the presence of other unobserved factors such as food
security, in the harsh Sahelian climate. Diarrhea odds increased with increasing temperatures, perhaps a
result of pathogen survival and replication. Children in environments where there was moderate rainfall had
lower odds of diarrhea than those in both very dry areas and very wet areas, demonstrating how diarrhea
pathogens can become concentrated with low rainfall, and can spread through water and sanitation systems
with high rainfall.

2.

Even after adjusting for household and climatic covariates, geo-spatial analysis shows there are 23

statistically significant clusters of elevated risk of diarrheal disease throughout the study area. Increased risk
was greatest in certain urban areas (7.16 in Cotonou, Benin; 7.21 in Kaduna, Nigeria), but substantial
throughout the study area (over 2 in 18 out of 23 clusters). Some clusters encompassed whole cities – Dakar,
Senegal had a relative risk of 4.79 and Yaoundé, Cameroon had a relative risk of 2.14. Other clusters were
more mixed, for example, the city of Bamako, Mali and the surrounding rangelands had a relative risk of 5.09.
Other clusters were small villages (one in southern central Nigeria had a relative risk of 6.03) and still others
were in areas with very sparse populations (northern Burkina Faso, relative risk 2.22; western central
Cameroon, relative risk 3.69). These findings indicate that a) there are unobserved factors which influence
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diarrhea risk – perhaps food security or failed municipal systems and b) risk cannot be characterized by
designations such as urban or rural in themselves.

3.

These findings largely agree with the original hypotheses in that they underscore the importance of

household and climatic factors when determining risk factor for diarrheal disease and that the risk is not
uniform across or within nations. The effect of temperature was stronger than anticipated, which may be a
result specific to the tropics. Additionally, there were more clusters of elevated risk in urban areas than were
expected, which speaks to the question of urban advantage and disadvantage in sub-Saharan Africa.

4.

The study provides further evidence of the importance of development programs such as education in

reducing the risk of childhood diarrhea. It also gives insight into areas of particular risk which could be
targeted for development and adaptation interventions. These interventions could be tailored to the context;
for example improved municipal water and sewage systems in cities such as Dakar and Yaoundé and food
security adaptation in rural areas such as southern Mali.

5.2 Major findings from Chapter 3
1.

Geospatial analysis of childhood diarrheal disease and socioeconomic, environmental and climatic

explanatory factors in West Africa show that a) there are spatially varying relationships among the
associations (non-stationarity), b) the associations are both positive and negative depending on location, and
c) the statistical significance of these associations is also dependent on place.

2.

The geospatial analysis revealed complex relationships that were masked by the global model, which

produces one average value for each coefficient. For example, the percent of the population with an
unimproved water source was not statistically significant in the global model, but showed an increased risk of
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up to 11% in locations such as Freetown, Sierra Leone; Conakry, Guinea; and Lagos, Nigeria in the
Geographically Weighted Poisson Regression model.

Range of relative risk in a single GWPR model:
 Population with unimproved water source (per 10% increase): 0.93 – 1.11
 Population with unimproved toilet type (per 10% increase):

0.84 – 1.10

 Mothers with no formal education (per 10% increase):

0.78 – 1.14

 Latitude (per 1-degree increase):

0.02 – 15.06

 Temperature (per 1-degree increase):

0.28 – 1.83

 Rainfall (per 10-mm increase):

0.43 – 41.30

 Altitude (per 100-m increase):

0.33 – 2.80

 Population density (per 100-pp/km2 increase):

0.65 – 1.68

3.

The complexity of these relationships was not anticipated in the original hypothesis. The degree of

spatial non-stationarity shows that even within a single model, factors affecting the risk of diarrheal disease
are not statistically significant in many areas and very strong in others. The positive and negative associations
are reasonable for environmental and climatic factors, but more difficult to interpret for socio-economic ones
(e.g., decreased risk when a large proportion of the community uses drinking water that has a high probability
of being contaminated).

4.

This analysis is best seen as an exploration of regional dynamics affecting diarrheal disease. However,

it does point to certain areas which face particular risk factors such as in certain urban centers, low-elevation
areas (coastal and along rivers), remote areas such as western Mali, conflict zones (northeast Nigeria), and
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special populations such as the Dogon who live along the Bangiagara Escarpment. With further analysis,
interventions to combat specific risk factors may be developed.

5.3 Major findings from Chapter 4
1.

Results from the double-difference analysis suggest that if children exposed to the conflict in Northeast

Nigeria had not been exposed, their average weight-for-height z-scores would be 0.49 standard deviations
higher (p < 0.001) than they are. This would bring the average from -0.74 to -0.25 (from a “serious” nutritional
crisis to a “poor” one).

2.

Additionally, the prevalence of moderate or severe wasting would be 13 percentage points lower

(mean z-statistic -4.2) than it is, bringing down the proportion from 23% (a “critical” nutritional crisis) to 10%
(a “serious” nutritional crisis and close to the average for West Africa, 9%).

3.

The prevalence of diarrhea would also be lower by 8 percentage points (mean z-statistic -3.3), which

would bring the rates down from 20% in the conflict states to 12% (close to the Nigerian average of 10%).

4.

These findings support the original hypothesis, although there were greater differences in baseline

outcomes for conflict and non-conflict states than anticipated. Also, a linear downward trend was expected,
at least in the baseline period, but the trends were more erratic, likely due to few time periods for
comparison. As hypothesized, significant improvements were found for the counterfactual scenario (if
children exposed to conflict had not been exposed) for weight-for-height, moderate/severe wasting, and
diarrhea. Weight-for-age and moderate/severe underweight did not have statistically significant doubledifference estimates and height-for age and moderate/severe stunting did not meet the common trends
assumption.
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5.

This analysis speaks to the importance of ensuring children and their mothers receive adequate health

and nutritional support in the “first 1,000 days” – from conception to age two (and beyond), especially in
extraordinary circumstances such as when a community is faced with armed conflict. Development projects
such as poverty reduction are important, but conflict areas will likely require additional assistance to ensure
access to goods and services such as food and specialized health care.

5.4 Significance of findings
The findings of the studies in this dissertation contribute to our understanding of how climate and conflict
affect child health. Previous studies have given varied results on specific climatic factors. Here, the
associations in aspatial regression analyses are quite clear, while geospatial methods indicate the complexity
of factors such as overall climate, rainfall, and temperature. The effects of conflict on child health are
conceptually inherent and have been quantified with different methods and outcomes. The research here
furthers those efforts by quantifying the impact of a particular conflict on the health and growth of young
children.

The findings from this research support on-going development goals which aim to improve modifiable factors
including increased coverage of improved water sources and sanitation facilities, increased educational
attainment, the alleviation of poverty and food insecurity, and resolving on-going conflicts around the world.
The results also support adaptation measures, which are aimed at factors that are difficult to change in
themselves, such as living in areas where temperatures are increasing or rainfall is decreasing. Such measures
include promoting income diversification and access to goods and services for farmers and pastoralists and
improving infrastructure and public services in urban areas.
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5.5 Limitations
The studies in this dissertation have several overlapping limitations. First, the studies in Chapters 2 and 3 are
cross-sectional and intentionally descriptive. Thus, while they provide insight into various associations, they
do not imply causality. The quasi-experimental double-difference analysis in Chapter 4 can be used to make
limited causal inferences; for example, the outcomes are different for children exposed to conflict or not, but
we do not know by what mechanism or mechanisms (e.g., increased food insecurity, disrupted health services,
population displacement, etc.).

Second is the issue of temporality when using survey data. The DHS surveys are an enormous undertaking and
most participating countries only do them every few years (although a few, including Senegal, have committed
to continuous surveys). For this reason, although they are treated as cross-sectional studies, Chapters 2 and 3
contain data which span five years. West Africa is a rapidly changing sub-region with some positive
developments such as overall decreasing rates of child mortality and some negative trends such as growing
inequality. Thus, while these changes are generally slow, it is difficult to obtain a true cross-sectional snapshot
of several countries at once which could introduce bias into the estimates. The timing of the surveys may
capture real-time events, such as the declaration of the state of emergency in Northeast Nigeria. The DHS
program gives no indication that their survey methodology was hampered by these particular events – still, if
teams avoided the most affected areas or were rushed in their interviews, rates of malnutrition or other
diseases could be underestimated. Similarly, there were temporal constraints for the common trends analysis
in Chapter 4: more timepoints may have shown clearer trends, especially for stunting. On a smaller timescale
is how households are interviewed over the course of the survey. Ideally, sub-national regions would be
surveyed simultaneously, which would allow for more comparable analysis with regards to rapidly changing
climatic factors such as rainfall. There are also temporal issues inherent in surveys about episodic diseases
such as diarrhea in that there is a 2-week recall period which could introduce bias.
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Third are spatial constraints, especially for Chapters 2 and 3. The sampling points are intentionally offset and
are broad estimates of the location of the population of interest. The use of Voronoi polygons as pseudocatchment areas in Chapter 2 made visualization easier, but may be misleading, especially in areas where
sampling points were far apart. Additionally, other covariates such as rainfall, temperature, altitude, urban
limits and so on are at different spatial resolutions, which introduce different biases when applied to sampling
points. For example, the SRTM data for altitude are very high resolution (< 100 meters), so relatively accurate
while temperature rasters are lower resolution (0.5x0.5 degrees, which is approximately 55 kilometers at the
equator) and therefore a coarser estimate of the true measure.

Fourth are various methodological issues such as the bias introduced when the number of observations per
sampling point varies greatly, even after weighting. This could be due to missing data for key variables, but is
also the result of the DHS sampling method, which focuses on women of reproductive age rather than children
under five. Another issue is multicollinearity across local estimates in Geographically Weighted Regression
(Chapter 3). If there are parameter redundancies, a single coefficient cannot be interpreted independently of
the other coefficients at the same location, which can result in misleading findings. Another example of
methodological issues is finding an appropriate comparison group in double-difference analysis (Chapter 4).
For a study on conflict, the ideal comparison group would be exactly the same as the intervention group,
except for conflict to exposure. In this study, the other states of the Northeast Zone were chosen as the
comparison group since the population is closest in terms of climate, livelihoods, culture, and governance and
also because the survey interviews were conducted within the same timeframe as the conflict areas.
However, the non-conflict states were subjected to attacks from Boko Haram, although to a lesser degree. In
these situations, the analysis is often conducted again with a different comparison group to validate the
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original results. In Nigeria, this could be the Northwest Zone, for example. Other limitations are addressed as
areas for improvement in the section below.

5.6 Future research directions
There are numerous areas for future research in the fields of climate variability, conflict and child health. The
types of geo-spatial analyses used in this research could be replicated, but using spatial regimes other than
administrative boundaries such as country borders. For example, the Sahel region is a transition zone
between the fertile south and desert north stretching from Senegal and Mauritania in the west to Eritrea in
the east, about 4,000 kilometers. While covering 10 countries, the population in this region – estimated to
reach 100 million people by 2020 – are related by culture and livelihoods, which are largely determined by
climate.1 One area of research could be examining child health outcomes across the Sahel and determining
whether certain coping mechanisms (crop diversification, mobile health teams that follow transhumant
populations) improve outcomes and could be introduced to other Sahelian communities. The Sahel must also
be studied in terms of climate change, its impact on child health, and what adaptation measures are most
effective. Climate models are yet uncertain as to future rainfall patterns in the Sahel, but agree that the
region will be one of the fastest warming areas in the world.2 One impact from increasing climate variability
(e.g., erratic rainy seasons) that is already being seen is migration to northern cities such as Dakar, Bamako,
and Ouagadougou. Given this dissertation’s findings on urban health disadvantage for some cities, an area of
research could be to examine how these Sahelian cities can better adapt for influxes of migrants, including
adequate services such as health care and education, but also infrastructure important to child health
including sanitation and water systems (which are also becoming more stressed in the warming Sahel). The
impacts of climate change on child health could also be studied using projections of the Köppen-Geiger
climate classification scheme, which are already available through the year 2100 (though likely will have to be
updated as climate models improve).3 An example of a study which could be conducted in one geographic
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zone with specific socio-economic measures is from the livelihood zones produced by the Famine Early
Warning Network. For example, all along the coast of Nigeria, people fish from July to March and plant crops
from March through November.4 Thus wealth in the rural areas is largely determined by the type of fishing
gear (canoes with outboard motors vs. nets and hooks) and the amount of land a household owns. 4 A
research project could examine the child health outcomes of these populations, again to determine which
interventions (e.g., sustainable fishing co-operatives) may improve population health.

Conducting research on smaller spatial scales would also likely provide telling results. For example, also along
the coast of Nigeria, is Lagos, by far the region’s largest city. In the study in Chapter 2, Lagos was not an area
of elevated risk even before controlling for household or climate variables, despite having extensive slums,
including large neighborhoods on stilts within a coastal lagoon.5 However, both altitude and percent of
households with unimproved water sources did invoke increased risk in the GWR analysis (Chapter 3). A
project investigating Lagos at high resolution may be able to determine with greater accuracy which risk
factors are most important and at which specific locations. If contaminated water sources are a risk factor, it
will be especially important to address the issue as the number of people in Lagos vulnerable to coastal
flooding due to rising sea level is expected to reach more than 3 million by the year 2070.6 This study would
also contribute to the very small body of research which specifically examines low elevation coastal zones with
regards to health outcomes. However, the intentional displacement of the DHS sampling points and the fact
that the DHS household wealth index may not detect urban vulnerability (e.g., households with flush toilets,
but living next to overflowing sewer systems), means that this analysis would likely have to be done with a
different data set. Flooding is an example of an aspect of climate variability not addressed in this dissertation
– extreme events. Flooding is often harmful, but is also a reliable irrigation technique which supports millions
of people, for example in the Inner Niger Delta in Mali. The effects of proximity to flood zones on child health
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could be studied and future predictions made with assumptions about climate change, population changes,
and resource management.

Given the correct data structure, research could also be conducted using different temporal regimes. SaTScan
software, used in Chapter 2, is capable of conducting spatiotemporal cluster analysis, but with most survey
data, temporal clusters would just be where the interviews were being conducted. However, if survey teams
were in several areas at once or for example, health facility records for a particular month were being
compared, this would provide insight into the contribution of factors such as rainfall or even conflict. GWR
analysis, used in Chapter 3, could also be conducted over time; for example an analysis of risk factors during
the rainy season and then with the same population in the dry season.

There are other conflict zones for which there is little quantitative analysis available and where the methods
used in Chapter 4 could be replicated. For double-difference analysis, a clear before-after time demarcation
as well as a reasonable comparison group is needed. Therefore, the conflict in northern Mali may not be
appropriate as there has been unrest in the region for decades. However, research could conceivably be done
on a smaller spatial scale; for example, a comparison of violent and non-violent causes of death in the city of
Timbuktu before and after the ten month occupation by Islamist militants in 2012-2013. Another question of
interest brings together the two main drivers of this dissertation: does climate variability contribute to conflict
and will climate change exacerbate conflict?

The data sources and methodologies used in this dissertation are continuously growing and improving. There
are many more climate datasets than even a few years ago and geospatial software developers continue to
add in new features. The DHS datasets are an invaluable resource; however, with growing recognition of how
climate affects not only health, but other demographic phenomena such as migration, it would be beneficial if
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the DHS program could review how interviews are scheduled within sub-national regions in order to better
capture climate variables. Likewise, questions about migration should be incorporated into as many surveys
as possible, not only to address issues such as urbanization, but also displacement due to conflict. The
problems of the developing world can no longer be considered completely separate from those of the
developed world. For example, the nutrition transition to the “Western diet” is uneven between and within
poor countries which is leading to simultaneous undernutrition and overnutrition. Thus, DHS should consider
including the assessment of nutritional edema into their surveys to avoid misclassification bias and more
importantly, to identify severely malnourished children with the condition. The technique is simple and fast simply pressing ones thumbs into a child’s feet for 3 seconds and noting if the indentation remains. Another
consideration for DHS is the use of mid-upper arm circumference (MUAC) instead of or in addition to weightfor-height. MUAC is easier to measure than weight-for-height (height, especially is subject to inter-operator
bias), and does not require additional charts or software to calculate usable numbers (which increases the
possibility of error).7 MUAC is less trying on very sick children and can be routinely done by trained personnel
in resource-poor settings as the tool (a modified tape measure) is quite inexpensive.7

One of the particular issues software developers could address is the use of categorical variables in
Geographically Weighted Regression programs. For example, in West Africa, the climate classes do not exactly
follow latitude, and more interpretable results may be obtained with these well-defined spatial regimes.
Additionally, there is a fundamental difference between a household with an unimproved toilet type and the
percentage of households within a “community” (the approximately 20 households within a DHS sampling
point) with unimproved toilet types. In some cases, the latter may be more relevant, but the researcher
would benefit from having the ability to choose between individual-level or community-level characteristics
(or both). Another software improvement would be for mapping relative risk as shown in Chapter 3. Current
Esri software does not allow the user to choose a particular point (for relative risk, 1) and then choose two
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different color schemes with gradients to indicate increasing risk in one direction and decreasing risk in the
other. For this study, two layers were created for each direction away from 1 and separate gradients created
in the legend. The legends were then converted to graphics and manually rescaled to approximate the range
of risk overall (for example, for a range of 0.50 to 2, the decreased risk scale should be one quarter the size of
the increased risk scale) and then joined at the 1 mark. While this is an improvement over previous methods,
it is still somewhat inaccurate and could doubtless be automated. The advent of geocoded data and geospatial methods has opened new areas of study within public health and other fields. Continuous
improvements to both data and methods will increase our understanding of complex relationships even more.
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